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ABSTRACT 
 
MEREDITH HAMPTON: Nano-Patterning Inorganic Materials for  
Photovoltaic Applications 
(Under the direction of Dr. Joseph M. DeSimone and Dr. Joseph L. Templeton) 
 
 In this work, the pattern replication in non-wetting templates (PRINT) technique 
has been utilized for the patterning of inorganic materials including metal oxides and 
quantum dots for hybrid inorganic-organic solar cells.  The PRINT technique is an 
attractive method for solar cell production because of its compatibility with a wide range 
of organic and inorganic reagents relevant to BHJ fabrication, amenability for scale-up, 
and application to large area device fabrication. 
 The PRINT process was used to pattern inorganic oxides, including TiO2, on a 
sub-500 nm length scale.  The inherent flexibility of this methodology was demonstrated 
by generating patterns on a variety of substrates, with aspect ratios greater than 1, with a 
second layer of features on top of an initial layer without pattern destruction, and with 
sub-100 nm sized features for photovoltaics applications.  This technique was applied to 
hybrid solar cell technology by fabricating solar cells with these sub-100 nm titania 
features.  The patterned titania/polymer devices showed a two-fold improvement in 
power conversion efficiency (PCE) when compared to flat titania/polymer devices.    
Furthermore, CdSe quantum dots (QDs) were synthesized and then used for patterning.  
The inert nature of the PFPE molds was demonstrated through the patterning of QDs with 
different surface ligands in a variety of solvents.  Nanometer-scale diffraction gratings 
iv 
have been successfully replicated with CdSe QDs and subsequently coated with a 
conjugated polymer film for PV device fabrication.   
 Finally, the PRINT technique has also been extended to fabrication schemes for 
different optical applications.  An ordered template for surface-enhanced Raman 
spectroscopy (SERS) was fabricated with 120 nm wide holes that allowed for the 
formation of Ag nanoparticle dimers using a meniscus force deposition method.  These 
dimers provided hotspots where an enhanced Raman signal was observed.  Additionally, 
in effort to fabricate a superlens capable of directly imaging subwavelength structures, a 
simple metamaterial diffraction grating device was generated by replicating a blazed 
diffraction grating in PMMA on top of alternating metal dielectric layers.  In this device, 
the amplification and conversion of evanescent waves into propagating ones was 
demonstrated.   
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1.1  Introduction 
 Worldwide continuous power consumption reached 15 terawatts (TW) in 2005.  
With population levels expected to increase to 9 billion people by 2050, energy demands 
will double to 30 TW.  By the end of the century, power consumption could reach 45 
TW.1  As our global energy demands increase annually, our energy production remains 
dependent on a finite supply of fossil fuels.  A need for sustainable, renewable fuels is 
undeniable; unfortunately these energy sources are not presently able to compete with 
fossil fuels in cost or production capacity.  A variety of alternative energy options are 
available including wind, biomass, nuclear, and solar.  However, many of these sources 
have physical limitations on the amount of power they can reasonably produce.  For 
example, the amount of power currently available from wind is 2 TW, biomass is 7 TW, 
and nuclear is 8 TW.1 The most attractive candidate to replace our dependence on fossil 
fuels is solar energy.  As much as 120,000 TW of radiation from the sun reach the earth’s 
surface yearly.  If 0.16% of the earth’s surface was covered with 10% efficient solar cells, 
then 20 TW of power could be generated.   
 A variety of photovoltaic technologies exist that rely on different materials and 
fabrication methods.  Inorganic-based solar cells were first investigated for solar cell 
applications, and even though these devices had efficiencies as high as 25%, they were 
characterized by significant materials and fabrication costs.  More recently, thin film 
techniques have emerged that utilize either inorganic or organic materials to harvest 
sunlight.  These devices, specifically the organic-based solar cells, offer a potential route 
to lower cost solar cells; however, these solar cells tend to have lower overall efficiencies 
than traditional inorganic-based devices.  This chapter will initially focus on the 
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photovoltaic theory and development of various types of inorganic and organic type solar 
cells.  Additionally, the use of hybrid inorganic-organic materials for PV devices will be 
discussed with a focus on bottom-up and top-down methods for fabricating these devices.  
Finally, the PRINT (Particle Replication in Non-wetting Templates) process, a soft 
lithography technique, will be introduced for potential use in hybrid solar cell fabrication. 
 
1.2  Photovoltaic Theory 
1.2.1  Inorganic Solar Cells 
Traditional solar cells utilize a p-n junction in a semiconductor material.  When 
photons with energy greater than the bandgap are absorbed, electrons from the valence 
band can be promoted to the conduction band, leaving holes behind.  These electron-hole 
pairs can be separated by an electric field so that the electrons flow into the conduction 
band of the n-type semiconductor while the holes flow to the p-type side of the junction.  
In this process a current is created, effectively converting light energy into electrical 
energy, as shown in Figure 1.1.2,3  Historically, inorganic solar cells have been fabricated 
using crystalline silicon; however, new technologies have emerged to generate thin-film 
inorganic solar cells using significantly less material including amorphous silicon and 
copper indium gallium diselenide (CIGS). 
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Figure 1.1  A photocell PN junction showing the depletion region where photo-created electron-hole pairs 
are separated.3 
 
 
1.2.1.1  Crystalline Silicon Solar Cells 
The first crystalline silicon solar cell was developed at Bell Laboratories in 1954 
and had an initial efficiency of 6%.4  Currently, small area monocrystalline silicon 
devices have efficiencies as high as 25% and commercial solar cells are 22% efficient.5  
Typical crystalline silicon solar cells consist of a diode formed by joining together p-type 
(boron doped) and n-type (phosphorus doped) silicon, as shown in Figure 1.2.  Silicon, 
however, is not the ideal material for photovoltaic conversion.  Silicon is an indirect 
semiconductor and therefore light absorption is much weaker than in a direct 
semiconductor such as GaAs.  A result of this weak light absorption is a need for a 
thicker layer of silicon which leads to a longer diffusion length for the minority carriers 
in both types of silicon.2  To ensure carrier diffusion, the silicon must be of extremely 
high purity and exhibit crystalline perfection.  The demand for high purity silicon adds a 
significant materials cost to the fabrication of these solar cells, which leads to electricity 
costs of over $0.50/ kW-hr.  This amount is significantly higher than the cost of 
electricity generated from non-renewable sources (oil, coal, natural gas), which currently 
stands at ca. $0.05/kW-hr.6 
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Figure 1.2  (a) Schematic diagram of a silicon solar cell and (b) example of a silicon solar cell.2 
 
One method for reducing the cost of silicon-based solar cells is to employ 
polycrystalline silicon which has a large crystal grain structure.  This material is made by 
melting silicon and pouring it into a graphite crucible where controlled cooling processes 
are used to obtain polycrystalline silicon.2  Also known as cast silicon, polycrystal silicon 
is approximately one-fourth the cost of single crystal silicon; however, it produces lower 
efficiency solar cells (ca. 20% efficient) as a result of the large grain sizes in the range of 
millimeters to centimeters. 
   
1.2.1.2  Thin Film Inorganic Solar Cells 
 In order to significantly reduce the cost of inorganic solar cells, thin film 
technologies have also been explored for solar cells.  In these types of devices, shown in 
Figure 1.3 (a), the active layer is on the order of a few hundred nanometers in thickness; 
hence the materials costs for thin film solar cells are reduced compared to traditional 
silicon solar cells.2  A natural replacement for crystalline silicon is amorphous silicon (a-
Si).7,8  This material is an alloy of silicon and hydrogen and is commonly formed using 
chemical vapor phase deposition (CVD) processes that are run at temperatures below 
a b
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500°C so that hydrogen is incorporated into the silicon lattice.9  The change in lattice 
order compared to crystalline silicon results in a change in the optical bandgap, from 1.12 
to 1.7 eV, which could potentially enhance the light absorption efficiency of solar cells 
made with a-Si.  However, there is low charge carrier mobility in a-Si and a significant 
amount of charge recombination due to the presence of defects.  As a result, single 
junction, thin film solar cells made with a-Si typically have efficiencies of 4.5%, although 
by modifying the fabrication processes, solar cells with efficiencies as high as 9.5% have 
been made.5 
Higher device efficiencies can also be obtained by employing a tandem cell 
device structure.  In these solar cells, shown in Figure 1.3 (b), two or three single 
junctions are stacked on top of each other where carrier collection is improved due to a 
reduced thickness of the active layer in each junction.  Additionally, a change in bandgap 
can be achieved by alloying the a-Si with another atom, such as carbon or germanium.  
By using cells with different bandgaps in the tandem device, the solar spectrum is better 
utilized and higher device efficiencies can be obtained.  The highest efficiency from this 
type of solar cell is 11.7%.5 
a b
 
Figure 1.3  Schematic diagram of (a) single junction a-Si thin film solar cell and respective energy band 
diagram and (b) tandem a-Si thin film solar cell.2 
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An alternative to silicon as an active material is copper indium gallium diselenide 
(CIGS).10  CIGS, unlike silicon, is a direct bandgap material and thus a strong absorber of 
light.  A single micron thick film of CIGS can absorb a significant amount of the solar 
spectrum, thus reducing the materials cost for this type of solar cell.  A schematic of the 
device structure and bandgap diagram of a CIGS solar cell is shown in Figure 1.4, where 
the bandgap diagram illustrates the complex heterojunction system of a CIGS cell.11,12  
Typically, CIGS devices are fabricated using one of two methods: coevaporation or 
selenisation, as shown in Figure 1.5.13,14  The former, and more common method, relies 
on the vacuum deposition of copper, indium, and gallium followed by annealing with a 
selenide vapor.  For selenisation, films of each material are individually deposited 
followed by annealing in H2Se vapor.   
 
 
 
 
 
 
Figure 1.4  Schematic structure and band diagram of a CIGS solar cell.2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5  Comparison of approaches for fabricating a CIGS active layer: (1) coevaporation and (2) 
selenization of metallic precursors.2 
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 CIGS solar cells are commonly fabricated on soda-lime glass (1-3 mm thickness) 
with a molybdenum metal back contact.  The CIGS active layer is deposited using one of 
the two methods described previously, followed by a thin buffer layer of CdS and a layer 
of ZnO that serves as a window to minimize absorption in the upper layers as well as the 
front electrode.15  Due to intrinsic defects, the CIGS is p-type while the ZnO is n-type; 
which results in the space-charge region penetrating deeper into the CIGS layer than the 
ZnO.  CIGS device efficiencies are approaching 20%, making them competitive with 
crystalline silicon solar cells.  This field represents a promising frontier for all inorganic 
solar cells.2 
 
1.2.2  Excitonic Solar Cells 
An alternative to inorganic solar cells can be found in organic-based photovoltaics 
(OPVs).  This technology offers the potential for solar cells that are flexible, 
semitransparent, manufactured in a continuous printing process, fabricated with large 
active areas, and lower in cost than inorganic devices.16,17  Typically, organic solar cells 
have a layered structure where an organic light-absorbing layer is placed between a 
transparent electrode and a metal electrode.  The mechanism for the conversion of light to 
electricity in an OPV device differs from a traditional inorganic solar cell.18-20  In OPV 
systems, absorption of a photon leads to the formation of an excited state known as an 
exciton, a bound electron-hole pair.  The creation of an exciton is followed by exciton 
diffusion to a region where charge separation occurs.  After the exciton dissociates into 
separate charges, charge transport to the respective electrodes generates a current.  The 
basic parameters of an OPV device are thus determined from this process.  Organic 
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semiconductors have high absorption coefficients and as a result, only 100 nm of film 
thickness is required for photon absorption.  In order to dissociate an exciton, a strong 
electric field from either an externally applied field or an interface is required.  An 
interface provides a region with a strong local electrical field due to an abrupt change in 
potential energy.  Excitons can only diffuse 10-20 nm before recombination; therefore; if 
an interface is being utilized for charge separation, the phase separation length of the 
“donor” and “acceptor” material must be at the same order of magnitude.  Efficient 
charge transport requires a driving force for the charge carriers to reach the electrodes.  In 
OPVs, the internal electrical field determines the maximum open circuit voltage (VOC), 
where the internal field results from the difference between the highest occupied 
molecular orbital (HOMO) of the donor and the lowest unoccupied molecular orbital 
(LUMO) level of the acceptor.   
The power conversion efficiency (PCE) (ηe) of a solar cell is the ratio of the 
power out of the device to the power that went into the device.  The formula for PCE is 
shown below, where Voc is the open circuit voltage, Isc is the short circuit current, FF is 
the fill factor and Pin is the incident light power density.  The fill factor is determined by 
the ratio of the maximum power point to the product of Isc and Voc.  As previously 
described, the Voc depends on the HOMO level of the donor and the LUMO level of the 
acceptor.  The Isc is calculated from the product of the photoinduced charge carrier 
density and the charge carrier mobility.   
 
 
 
 
 
ηe =
Voc × Isc × FF
Pin
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1.2.2.1  All Organic Systems 
The first attempts at making OPV devices involved a single layer of a conjugated 
polymer film between two electrodes, as shown in Figure 1.6 (a).  Polyacetylene and 
polythiophene were first employed; these cells had extremely low open-circuit voltages 
and quantum efficiencies.21,22  In 1993 Karg measured a PCE of 0.1% from an indium tin 
oxide/ poly(phenylenevinylene)/ aluminum (ITO/PPV/Al) photovoltaic device.23  The 
performance of these devices was severely limited by recombination of the exciton, and 
in response to this problem, the concept of a heterojunction device emerged.17,20,24-26 
 
 
 
 
 
Figure 1.6  Schematic diagram of device architectures for organic solar cells; (a) planar device; (b) bi-layer 
or heterojunction device; (c) bulk heterojunction.25 
 
In a heterojunction device, two materials with different electron affinities and 
ionization potentials are brought together in order to increase the probability of charge 
separation.  In 1985 Tang made two-layer PV cells, as shown in Figure 1.6 (b), with 
organic semiconductors that had offset energy bands.  These devices exhibited quantum 
efficiencies (QE) of 15% and PCEs of 1%.27  Hall’s investigation into PPV/C60 
heterojunctions in 1996 led to a better understanding of the exciton dissociation pathway 
in OPVs.28,29  From models based on his work, an average exciton diffusion length of 6-8 
nm was derived.  This result meant that only excitons formed within the diffusion length 
of the donor/acceptor interface would dissociate to form separate charge carriers.25  
However, for organic semiconductors, a film thickness of at least 100 nm is required to 
top electrode
conjugated polymer
transparent electrode
top electrode
transparent electrode
electron acceptor
top electrode
conjugated 
polymer
transparent electrode
electron 
acceptor
a b c
conjugated polymer
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absorb a significant portion of the solar spectrum.  These observations led to the 
development of a bulk heterojunction (BHJ) where the donor and acceptor materials are 
physically blended together, as shown in Figure 1.6 (c).   
A number of strategies have been employed to prepare bulk heterojunction OPV 
devices.  Initial attempts involved a solution of the donor and acceptor materials that 
would separate into microphases upon spin-casting into a thin film.  Ideally the 
microphase domains should not be larger than the exciton diffusion length for the given 
materials system.  A significant amount of work has been done on polymer and fullerene 
BHJ cells.  In 1995 Yu reported devices of this type using PPV/PCBM with a QE of 29% 
and a PCE of 2.9%.30  A boost to device efficiencies was accomplished by changing the 
conjugated polymer from PPVs to poly(3hexylthiophene) (P3HT), leading to the highest 
recorded efficiency for a PCBM/P3HT device: 5.5%.5  Currently, the best device 
performance has been achieved from a PCBM/PCPDTBT device with an efficiency of 
6.77%31.  Polymer/polymer bulk heterojunctions have also been investigated.  In 1995 
both Yu and Hall used cyano-polyphenylene vinylene (CN-PPV) as the acceptor and PPV 
as the donor in devices with PCEs of 1%.30,32   
 
 
 
 
 
 
Figure 1.7  (a)  Schematic diagram of an ordered bulk heterojunction solar cell and (b) and the mechanism 
of light to electricity conversion in a BHJ type solar cell. 
 
top electrode
transparent electrode
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In addition to having microphase separation on the order of magnitude of the 
exciton diffusion length, these BHJ devices must also have bicontinuous networks so that 
both the holes and electrons have a clear pathway to the respective electrode.  A method 
for achieving this ideal device architecture is the fabrication of an ordered BHJ, shown in 
Figure 1.7 (a) where the mechanism of light to electricity conversion is shown in Figure 
1.7 (b).17,25  A variety of approaches have been taken in the literature to obtain an ordered 
BHJ organic solar cell.  Diblock copolymers consisting of a “donor” and an “acceptor” 
block have been synthesized using self-assembly of the blocks to form the ordered BHJ.  
Wicklein and co-workers have used an organogel acceptor molecule that forms 
nanostructures when gelled in the presence of donor polymer, shown in Figure 1.8 (a) and 
(b).33  Recently, Wang and co-workers have fabricated P3HT/PCBM core-shell nanorods 
using melt-assisted wetting of anodized aluminium oxide templates, shown in Figure 
1.9.31  Devices made using these nanorods, where the core consisted of PCBM and the 
shell was P3HT, had efficiencies of 2.0%.  
 
 
 
 
Figure 1.8  (a) General device architecture with an inverted cell configuration and (b) SEM cross section of 
a typical blend device where Blend B1 refers to the organogel type material.33 
 
a b
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Figure 1.9  (a) Schematic representation of well-ordered P3HT/PCBM nanorod structures and (b) SEM 
image of the P3HT/PCBM nanorod structures.  The length of the rods is 110 nm.31 
 
Finally, it is important to note that before organic solar cells can become a 
dependable source of energy, methods that allow production of large area devices are 
needed.34,35  Typically, literature reports on OPV devices are for solar cells with active 
areas of 1 mm2 to 1 cm2.  Spin casting techniques tend to produce devices that perform 
well on this small scale, but translation to larger device areas leads to lower device 
efficiencies.  Additionally, the techniques utilized for fabricating ordered BHJ are 
generally targeted for optimal organization across small surface areas. 
 
1.2.2.2  Hybrid Inorganic-Organic Solar Cells 
 An alternative approach to fabricating a BHJ type solar cell involves the use of an 
inorganic component as the electron accepting material in concert with an organic 
material as the light absorbing, electron donating material.20,26,36,37  This type of solar cell 
takes advantage of the low-cost and ease in processing of organic materials in 
conjunction with the ability to tune the functionality of inorganic materials.  In 1991, 
Michael Gratzel published a seminal paper on the fabrication of Dye-Sensitized Solar 
Cells (DSSCs) which utilized a 10 µm thick film of TiO2 nanoparticles that was coated 
with a monolayer of a charge-transfer dye.38  The efficiency of this type of solar cell, 
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which uses a liquid iodide/triiodide redox electrolyte, was in the range of 7.1 – 7.9% 
using simulated solar light.  In a DSSC, shown in Figure 1.10, light is absorbed by the 
sensitizer molecule, forming an exciton.  Unlike in the previously described excitonic 
solar cells, the exciton in a DSSC does not need to diffuse to an interface.  Because the 
sensitizing dye is a monolayer on the TiO2 surface, the exciton is conveniently formed 
directly on the interface between the donor and acceptor.  Following exciton formation 
and dissociation, the electron is transferred to the TiO2 conduction band and diffuses 
through the network to the electrode.  The oxidized sensitizer molecule is then reduced 
by the liquid electrolyte.37   
 While the initial efficiency of DSSCs showed promise, the highest recorded 
efficiency for these devices is 10.4%, an increase of only 3% over a span of almost 20 
years.5  A key factor in the device efficiency of a DSSC is the high surface area of the 
TiO2 film.  In addition to increasing the amount of light absorbed by the monolayer of 
dye, the high surface area also allows for slow interfacial recombination rates and the 
electrolyte ions to effectively neutralize the electrostatic field between the injected 
electron and hole.  Overall device efficiencies have been moderately increased through 
efforts to use alternative dye sensitizers, electrolytes, and even metal oxides.  However, 
since Gratzel’s original work was published, the field has made only marginal progress 
forward in the fabrication of more highly efficient DSSCs. 
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Figure 1.10  Operation principle of a DSSC.37 
 
 A BHJ solar cell can also be fabricated using an inorganic semiconductor in place 
of the organic acceptor material.  These hybrid devices still employ a conjugated polymer 
as the donor material, thus taking advantage of the inherent low cost and easy processing 
of polymer films.  Inorganic semiconductors have a number of benefits including high 
absorption coefficients and photoconductivity, easy synthetic variability, and the ability 
to change the bandgap based on the nanoparticle size.26,37  There are two classes of 
inorganic materials commonly used for these hybrid devices: metal oxides and quantum 
dots (QDs).  Both types of materials are promising for hybrid PV applications; however, 
there are different benefits to using each class of material. 
 Metal oxides, including TiO2, ZnO, and SnO2 offer inexpensive, non-toxic 
materials for solar cell device fabrication.39-54  These semiconductors can be prepared 
using a wide variety of wet chemistry techniques, which allows for a high degree of 
control over film morphologies.  Prior research in the OPV field has shown that 
morphology is a significant parameter in solar cell performance.55  Additionally, metal 
oxides have been extensively investigated for use in photocatalysis, gas sensors, photonic 
crystals, and DSSCs.  As a result, a rich literature exists for the synthesis, modification, 
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and application of metal oxides for device fabrication.  While generally promising, the 
use of metal oxides in BHJ solar cells has proven challenging in terms of achieving high 
device efficiencies.  Issues associated with poor charge harvesting and interparticle 
charge transport remain. 
 Colloidal QDs, including CdSe, ZnS, ZnSe, PbS, and PbSe are also attractive 
candidates as replacements for PCBM in BHJ solar cells.56-60  The synthesis of colloidal 
QDs using fairly benign reaction conditions and reagents has been extensively developed 
so that is now easier to obtain large quantities of QDs.61  Furthermore, the bandgap of 
these nanoparticles can be tuned based on the size of the nanoparticle.  Previously, 
bandgap matching was focused entirely on the polymer system; now the quantum size 
effect allows for a new degree of freedom when designing ideal BHJ solar cells.  One 
important consideration for these QD-polymer solar cells is the use of organic surface 
ligands on the QDs to prevent aggregation and oxidation of the nanoparticles.  Ligands 
can prevent electrical contact between particles and present a significant barrier for 
interparticle charge transport.62   
 
1.3  Methods for Fabricating Hybrid Inorganic-Organic PVs 
 Control over device architecture is important for achieving charge separation and 
transport within an excitonic solar cell.  Hybrid PV devices are an exciting alternative to 
organic systems based on the potential for a high degree of control over film 
morphologies.  A wide range of parameters, including synthetic conditions, surface 
ligand choice, and deposition techniques, can be varied when using inorganic 
semiconductors.  A variety of approaches have been taken in the literature to control the 
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device architecture of hybrid solar cells; however, the methodology can be conveniently 
divided into two categories: bottom-up and top-down fabrication techniques. 
 
1.3.1  Bottom-Up Methods for Fabricating Hybrid Solar Cells 
 Self-assembly techniques are commonly utilized to afford order to a given system.  
For metal oxide systems, organic structure-directing agents can be used with sol-gel 
precursors to generate mesostructures in thin films.  Initial attempts in this field were 
focused on the fabrication of ordered silica films using sol-gel solutions containing 
amphiphilic block copolymer species as structure-directing agents.63,64  In these systems, 
mesostructure self-assembly evolves as solvent evaporation takes place.  The volume 
fraction of the inorganic precursor compared to the block copolymer determines the 
structural phase of the pores.  After complete evaporation of the solvent, thermal 
treatments are used to first remove the block copolymer components and then crystallize 
the sol-gel.  This synthetic approach is significantly more challenging when used with 
titanium sol-gel precursors.  The rates of hydrolysis and condensation of titanium sol-gels 
are much faster than the respective rates for silica, so large particles of titania can form 
before self-assembly occurs.65  However, Stucky and coworkers succeeded in fabricating 
ordered, mesoporous titania by using titanium tetraethoxide and a Pluronic poly(ethylene 
oxide)-poly(propylene oxide)-poly(ethylene oxide) tri-block copolymer as well as 
employing careful control over reaction parameters.66 While they have generated a 
variety of titania mesostructures, shown in Figure 1.11 (a) and (b), including lamellar, 
hexagonal, and cubic symmetries, the 3-D cubic pore structure was chosen as an ideal 
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candidate for PV device fabrication.  The pores in this system are 5 nm in diameter and 
run from the top to the bottom of the film, a requirement for use in a BHJ solar cell. 
 
 
 
 
 
 
Figure 1.11  (a) and (b) HR-SEM images of calcined mesoporous titania at two different magnifications 
with 3-fold rotational symmetry.66 
 
 In order to fabricate hybrid PV devices with the ordered, mesoporous titania, melt 
infiltration techniques were employed to fill the pores with the conjugated polymer P3HT.  
In this process, a film of P3HT was spun cast on top of the titania and then heated so that 
the polymer chains would penetrate the pores.66  Excess polymer was rinsed off the top of 
the titania film using toluene.   Solar cells fabricated using this methodology gave device 
efficiencies of only 0.45%.67  The authors propose that the photocurrent in these devices 
is limited by hole transport to the top electrode.  They found that holes generated more 
than 15 nm into the pores experienced recombination with an electron in the TiO2 instead 
of being transported to the top electrode.  The authors believe an improvement to device 
efficiency could be obtained by either modifying the TiO2-polymer interface or 
optimizing the polymer chain morphology.67 
 Another bottom-up methodology involves the growth of ordered arrays of single 
crystal wires.  In this approach, electron transport through the crystalline wires is 
expected to be significantly faster than percolation through a random polycrystalline 
a b
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network.  One example of this technique is from Yang and coworkers where a seeded-
growth process was employed to generate an array of ZnO wires that were ca. 15 nm in 
diameter and ca. 16 µm in length.68 DSSCs were fabricated using these nanowires, a dye 
sensitizer molecule, and a liquid electrolyte, as shown in Figure 1.12 (a) and (b).  The 
best efficiency obtained from these devices was 1.5%; the low efficiency was attributed 
to poor dye loading on the nanowires.  This fabrication method is not yet optimized for 
oriented nanowire growth over large areas, a necessary component for PV devices. 
 
 
 
 
 
 
Figure 1.12  (a) Schematic diagram of the nanowire DSSC based on a ZnO wire array.  (b) Typical SEM 
cross-section image of a cleaved nanowire array on FTO.  Scale bar is 5 µm.68 
 
 The most common bottom-up method for fabrication of hybrid solar cells 
involves the spincasting of a blend solution of an inorganic nanoparticle and a conjugated 
polymer in a co-solvent.  Metal oxide nanoparticles, including TiO2 and ZnO have been 
incorporated into hybrid devices using this technique.  Blends of isotropic TiO2 particles 
or elongated rods with P3HT, shown in Figure 1.13 (a) and (b), have recorded 
efficiencies of close to 0.5%.69  Optimized blends that are 26% by volume nanocrystal 
ZnO (nc-ZnO) in P3HT and have been annealed, shown in Figure 1.13 (c), produced 
efficiencies as high as 0.92%.52 Significantly higher device efficiencies have been 
recorded using blend solutions of QDs and conjugated polymers.  Alivisatos reported on 
this type of device where nanorod CdSe QDs (7 nm by 60 nm), shown in Figure 1.14 (a), 
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were blended with P3HT.56  This device had an efficiency of 1.7%, a value well below 
the standard set by P3HT:PCBM solar cells; however, the authors believed further 
optimization of the QD-polymer interface and QD alignment could lead to significantly 
higher device efficiencies. This hypothesis was proven by Greenham and coworkers, who 
demonstrated an increase in overall device performance to almost 3.0% using tetrapod 
shaped QDs, shown in Figure 1.14 (b), to impart vertical alignment to the device 
architecture.59   
 
 
 
 
 
Figure 1.13  (a) and (b) AFM topography and phase contrast images of P3HT:TiO2 films spin-cast from 
xylene.69  (c) AFM topography of an nc-ZnO:P3HT blend with 26 vol % nc ZnO.52 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.14  TEM images of (a) CdSe nanorods56 and (b) CdSe tetrapods.59 
 
1.3.2  Top-Down Methods for Fabricating Hybrid Solar Cells 
 Top-down order of metal oxides can be achieved through the anodization of metal 
films.  Grimes and coworkers have demonstrated exquisite control over the formation of 
TiO2 nanotubes with pore sizes of 20, 35, and 60 nm and pore lengths of ca. 500 – 
1200 nm.70  The nanotubes were formed from sputtered Ti films that were anodized in 
a b c
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dimethyl sulfoxide, hydrofluoric acid, and water and thermally treated at 450°C.  
Additionally, a monolayer of dye was deposited on the TiO2 nanotube surface to promote 
infiltration of P3HT into the nanotube arrays.71,72  Devices fabricated from these 
nanotubes, shown in Figure 1.15, had efficiencies as high as 3.8%, a promising step 
towards more efficient hybrid solar cells. 
 
 
 
 
 
 
 
Figure 1.15  (a) Schematic diagram of an ordered BHJ fabricated from anodized Ti films infiltrated with 
P3HT.  (b) SEM micrograph of fully infiltrated nanotubes fabricated under optimized conditions.70 
 
1.3.3  Issues with Methodology 
 The previous examples illustrate the current state-of-the-art techniques for 
fabricating ordered BHJ solar cells.  It is important to maintain perspective on the end-
goal of this application, namely the fabrication of low cost, large area solar cells with 
high device efficiencies.16,73  Spin casting represents a methodology that is amenable to 
the fabrication of inexpensive solar cells on a large scale; however, these devices have 
not met performance expectations.  Phase-separation of the donor and acceptor materials 
does not necessarily result in the ideal BHJ device architecture, and this lack of 
morphological control is impeding further optimization of device performance.55  
Methods including self assembly, single crystal growth, and metal film anodization 
a b
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provide a high degree of control over the physical structure of the donor-acceptor 
interface.  However, these techniques are not amenable to large-scale processing.  
Currently, a need exists for an inexpensive fabrication technology that provides for the 
ability to control device architecture over large areas. 
 
1.4  Soft Lithography for Ordered BHJ Device Fabrication 
 Soft lithography represents an alternative method for fabricating ordered BHJ 
solar cells.  Generally, this technique is characterized by the use of a soft, elastomeric 
mold, typically poly(dimethylsiloxane) (PDMS), to generate high quality patterns and 
structures on a nanometer or micrometer length scale.74-77  The relief pattern in the mold 
is generated by depositing a thin film of the PDMS liquid precursor on a patterned master 
and then curing the liquid to form a solid mold, as shown in Figure 1.16 (a).  This mold is 
then brought into physical contact with a material to be patterned, such as a photoresist, 
self-assembled monolayer, thermoplastic polymer, inorganic polymer precursor, or a 
reactive monomer.  Following a cure step, such as a thermal or photochemical treatment, 
the mold is released from the patterned material, as demonstrated in Figure 1.16 (b).  The 
advantage to soft-lithography is in its ability to rapidly replicate the original master 
template in a wide variety of materials.  PDMS is commonly used as a mold material 
based on its relatively low modulus and low surface energy which allows for conformal 
contact and easy release from masters and patterns.  Additionally, PDMS is transparent to 
UV light, allowing for photocuring of patterned monomers. 
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Figure 1.16  Schematic illustration of (a) the procedure for casting PDMS molds from a master having 
relief structures on its surface76 and (b) procedures for fabrication of replica patterns using PDMS molds.78 
 
While PDMS is traditionally used as a mold material for soft lithography, other 
elastomers can also be employed.  Specifically, previous efforts in the DeSimone group 
have led to the development of the Particle Replication in Non-wetting Templates 
(PRINT) process, a soft-lithography technique that allows for the fabrication of 
monodisperse particles and arrays of particles with simultaneous control over shape, size, 
composition and function.79-82  In the PRINT process, shown in Figure 1.17, photocured 
perfluoropolyether (PFPE) molds are used to pattern a wide variety of liquid precursors 
into desired shapes and sizes.  PFPE’s belong to a versatile class of fluorinated polymers 
that have a number of advantageous properties: i) the PFPE liquid precursor has a very 
low interfacial tension and thus has a positive spreading coefficient on almost all 
surfaces; ii) the PFPE precursor can be photochemically cured at room temperature to 
make a mold of the surface it has spread across; iii) once cured, the cross-linked, 
elastomeric PFPE material has a very low surface energy (8 – 10 dynes/cm) so it can be 
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peeled off the surface without causing defects; iv) the low surface energy, highly 
fluorinated PFPE molds are extremely solvent resistant.83  Furthermore, this technique 
can be expanded to large scale rollers, conveyor belt technology, or rapid stamping that 
allows for surface replication on an industrial scale.   
 
Figure 1.17  Schematic representation of the PRINT process.84  (A) Empty mold (green), high-surface-
energy polymer sheet (clear), and roller (black); the roller is brought into contact with the preparticle 
solution and the mold.  (B) Roller evenly distributes preparticle solution into the cavities of the mold.  
Excess preparticle solution is wicked away by the high-surface-energy polymer sheet.  (C) Particles are 
cured in the mold.  (D) Particles are removed from the mold.  (E) Particles are collected in solution. 
 
 The fluoropolymer that is utilized in this work is a α-, ω-methacryloxy 
functionalized PFPE (PFPE-DMA) shown in Figure 1.18.  In order to prepare this 
functionalized PFPE, a commercially available hydroxyl-terminated PFPE (PFPE-diol) 
was reacted with isocyanato ethyl methacrylate.83  The resulting liquid polymer has a low 
viscosity at room temperature (0.35 Pa) and can be easily dropcast on a surface.  By 
incorporating a photoinitiator, such as 1-hydroxycyclohexyl phenyl ketone (HCPK) or 
diethylacetophenone (DEAP), into the PFPE-DMA, a photocurable liquid resin is 
obtained.  Additionally, the hydroxyl-terminated PFPE is available in a variety of 
different molecular weights (MWs) including 1.0, 1.5, and 4.0 kg mol-1.  By utilizing the 
different MW PFPE-diols, it is possible to change the modulus of the subsequent PFPE 
mold.  The modulus of the mold can have a significant impact on ability to replicate high 
resolution features. 
 
25 
 
 
 
 
 
 
 
 
 
Figure 1.18  Synthesis of dimethacrylate-modified PFPE networks (1.0 or 4.0 kg/mol PFPE-DMA).83 
 
A main purpose of the PRINT technique has been the fabrication of isolated 
micro- and nanoparticles for life science and materials applications.  Gratton and 
coworkers fabricated monodisperse poly(ethylene glycol)-based (PEG) particles that are 
cylindrical with both a diameter and height of 200 nm, shown in Figure 1.19 (a), and 
these particles demonstrated low cytotoxicity towards HeLa cells.  The biodistribution 
and pharmacokinetics of these particles were investigated in healthy mice where the 
particles were distributed mainly to the liver and spleen.85  Furthermore, Gratton et al. 
examined the cellular internalization mechanism of positive zeta potential PEG 
particles.86  They found that the particles were endocytosed into HeLa cells using 
predominately clathrin-mediated and macropinocytotic pathways.  A confocal 
micrograph of PRINT particles internalized in a HeLa cell is shown in Figure 1.19 (b).85  
In order to demonstrate the potential of PRINT particles for use in chemotherapeutic 
treatments, Petros et al. designed a particle composition that uses a disulfide cross-linker 
so that the particle cargo, in this case doxorubicin, would be released in response to a 
n
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reducing cellular environment.87  These PRINT particles, shown in Figure 1.19 (c), were 
capable of killing HeLa cells in vitro without the addition of an external reducing agent.  
Additionally, Kelly reported on the fabrication of monodisperse protein particles 
fabricated using the PRINT technique, and an SEM micrograph of 200 nm Abraxane 
particles is located in Figure 1.19 (d).88  Due to the intrinsic flexibility of the PRINT 
process, the anisotropic distribution of matter within an individual particle can be 
controlled.  For example, Zhang and coworkers have fabricated end-labeled particles via 
post-functionalization (Figure 1.20 (a)), biphasic Janus particles that integrate two 
compositionally different chemistries into a single particle (Figure 1.20 (b)), and more 
complex triphasic shape-specific particles (Figure 1.20 (c)).89  Herlihy et al. demonstrated 
the ability of micrometer-sized anisotropic polymer particles to form chains in the 
presence of alternating electric fields.84  The example shown in Figure 1.20 (d) illustrates 
chaining of rod shaped particles.  
c
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Figure 1.19  (a) SEM image of 200 nm PEG-based particles fabricated using the PRINT process.85 (b) A 
confocal micrograph of PRINT particles internalized in a HeLa cell.86 (c) PRINT particles for use in 
chemotherapeutic treatments with a doxorubicin cargo that is released in response to a reducing cellular 
environment.87 (d) SEM micrograph of 200 nm Abraxane particles.88 
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Figure 1.20  Fluorescence images of (a) end-labeled particles via post-functionalization;89 (b) biphasic 
Janus particles that integrate two compositionally different chemistries into a single particle;89 (c) complex 
triphasic shape-specific particles;89 (d) chaining of rod shaped anistropic polymer particles in the presence 
of an alternating electric field.84 
 
In addition to the fabrication of isolated particles for life science and materials 
applications, the PRINT technique offers a viable solution to many of the challenges 
currently being faced in the OPV field.  While the ideal ordered BHJ device architecture 
has been clearly articulated, recent efforts in the field fall short of this picture.25,68  The 
PRINT technique can be used to pattern nanostructures to create high surface area, highly 
uniform, large area bulk heterojunction photovoltaic cells.  Previous efforts have 
demonstrated the effectiveness of PFPEs to replicate sub-100 nm features; therefore the 
fabrication of molds with features on the scale of the exciton diffusion length is 
feasible.80  By molding either the donor or acceptor material and subsequently depositing 
the alternative material, a truly bicontinuous network will be generated.  This will prevent 
isolated or stranded “bottleneck” portions of the network that limit device performance.  
Additionally, unlike traditional molding materials such as PDMS, PFPE molds are 
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tolerant (ie nonswelling) to both organic and inorganic materials and can thus be used to 
mold any number of the materials in the OPV field.90,91   
 
1.5  Research Objective 
The goal of this project is to employ the PRINT technique for the fabrication of 
efficient, large area hybrid solar cells.   Work in the organic-based photovoltaics field has 
established the advantages of a BHJ device architecture in both organic and hybrid 
inorganic-organic solar cells; however, recent efforts towards the fabrication of such 
devices have not produced the ideal interface morphology.  We believe the PRINT 
technology can be employed to overcome many of the challenges currently faced in the 
hybrid OPV field.  In this work, we will first present the use of PFPE molds for the 
general patterning of metal oxides, with a specific focus on achieving sub-micron sized 
patterns in titanium dioxide using sol-gel chemistry processes.  Next, we will report 
results from using one of these patterned TiO2 arrays in a hybrid inorganic/organic solar 
cell.  The performance of these PV devices then led us into the patterning of CdSe 
quantum dots, an alternative material to TiO2 for hybrid solar cells.  As with the chapter 
on metal oxides, this work will predominately focus on the synthesis and development of 
patterning procedures for solutions of QDs.  Furthermore, we will present preliminary PV 
data from this type of solar cell.  Additionally, in an effort to demonstrate the far-
reaching capabilities of the PRINT process, we will extend our patterning knowledge to 
the fabrication of ordered arrays for a surface enhanced Raman spectroscopy (SERS) 
template and a Superlens.  Finally, we will discuss some future directions for this 
research project. 
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2.1  Introduction 
 Metal oxides are attractive materials for ordered bulk heterojunction (BHJ) 
photovoltaic (PV) cells for many reasons: they are abundant and non-toxic, they have a 
low-lying conduction band that can accept electrons from almost all organic 
semiconductors, and their surface can be easily functionalized with organic molecules 
that facilitate exciton dissociation and charge transfer.1-4  Specifically, titania (TiO2) is 
well established in both the patterning and the dye-sensitized solar cell communities and 
is an attractive candidate for use in ordered BHJ solar cells. 
 Sol-gel processing is a common approach for the synthesis of metal oxide 
materials.5  This wet chemistry method relies on the hydrolysis and polycondensation of 
metal alkoxide precursors to form an amorphous, polymeric network that can be 
crystallized using a thermal treatment at relatively high temperatures.  The sol-gel 
chemistry used for silicon oxide formation has been studied extensively, and the kinetics 
of hydrolysis and condensation are well understood for silica sol-gels.  Transition metals 
are less electronegative than silicon and are less stable towards hydrolysis and 
condensation.  Due to the rapid kinetics of these systems, it is more difficult to study the 
structural evolution of the resulting amorphous solids.5   
 Typically, titania sol-gel chemistry employs a titanium alkoxide, chelating ligand, 
solvent, and acid catalyst.  The structure of the resulting amorphous titania depends on a 
number of parameters including the alkyl chain length of the alkoxide, the type of ligand 
employed, the concentrations of reagents in solution, and temperature.  Unfortunately, the 
relationship between many of these parameters and the subsequent TiO2 formation are 
not well understood.  It is known that in an acid catalyzed sol-gel, the catalyst protonates 
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the alkoxide groups so that they become better leaving groups, as shown in Figure 2.1.  
The addition of H2O, or simply moisture in the environment, causes hydrolysis to go to 
completion.  This mechanism is directed towards the end of the polymer chains, thus the 
amorphous polymer is not highly branched.  Additionally, high catalyst concentrations 
will slow the condensation kinetics.  Chemical modification can also be used to control 
the condensation pathway of the polymer.  Chelating ligands are an ideal candidate for 
this process where the addition of acetylacetone, as shown in Figure 2.2, leads to the 
formation of a 1D polymer instead of a polydisperse sol of particles.  The addition of 
chelating ligands promotes hydrolysis of the alkoxide groups in preference to the ligand, 
hence forming a more linear polymer than one formed from the hydrolysis of a metal 
alkoxide alone.  Conversion of the amorphous titania into the corresponding crystalline 
material is known to produce different crystalline phases depending on the calcination 
temperature.  Generally, an annealing temperature near 450°C gives the anatase form of 
TiO2, the preferred titania phase for PV applications,6 while a temperature above 900°C 
gives the rutile form.   
 
 
 
Figure 2.1  Acid catalyzed sol-gel reaction where M is a metal atom such as Ti and R is an alkyl chain. 
 
 
 
 
 
 
Figure 2.2  Chelation of acetylacetone to a titanium alkoxide to form a reactive monomer for hydrolysis. 
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 Literature reports that detail the patterning of sol-gel derived inorganic oxides 
typically use traditional soft lithography techniques.7-11  In these methods, an elastomeric 
stamp is used for pattern transfer from a master template to the metal oxide.12,13  The 
most common elastomer used to fabricate the stamp is poly(dimethylsiloxane) (PDMS), 
which is notable for its hydrophobic surface and transparency towards UV light.14,15  A 
significant portion of the patterning research that employs PDMS molds and liquid sol-
gel precursors in order to replicate surface patterns was performed by Whitesides and co-
workers, 16 where micron-sized patterns in metal oxides have been demonstrated, as 
shown in Figure 2.3 (a).17  There have also been reports of sub-half micron sized features 
that result from a significant volume reduction after calcination of sol-gels.5,13  In the 
example shown in Figure 2.3 (b), the original line width was 800 nm; however, the 
calcined ZnO patterns have a line width of ca. 180 nm.7  The Al2O3 columns in Figure 2.3 
(c) are ca. 265 nm in diameter while the original mold cavity was 800 nm.7  While this 
work demonstrates pattern replication on a sub-micron length scale, the reliance on 
feature size as a result of volume reduction is not ideal for obtaining higher aspect ratio 
features, a necessary component for the fabrication of BHJ solar cells.                                                                
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Figure 2.3  (a) SEM micrograph of a patterned array of SiO2 features using a PDMS mold and the 
corresponding non-contact AFM image of the same sample.  (b)  SEM micrograph of a ZnO film patterned 
by micromolding using a PDMS mold with a line width of 800 nm and a periodicity of 1.8 µm.  (c)  SEM 
micrograph of a Al2O3 dot array patterned by micromolding using a PDMS mold that has 800 nm wide 
holes with a 1 µm periodicity.  The corresponding AFM images are below both (b) and (c). 
 
PDMS has a number of drawbacks as a mold material.  The most commonly used, 
commercially available form of PDMS is Sylgard 184, which is an elastomer with a 
surface energy of 22-25 dynes cm-1 and a modulus of 1.5 MPa.13  However, these 
characteristics often cause a variety of technical issues which impede the patterning 
process, as shown in Figure 2.4.  For example, if the aspect ratio of the master template 
features is too high, the PDMS mold structures will collapse.  If the aspect ratios are too 
low, then the mold structures will not be able to endure the compressive forces of 
patterning and sagging of the mold between features will occur.15  Additionally, PDMS is 
readily swelled by common organic solvents including toluene and hexanes, and can be 
rendered incompatible with many patterning processes.18  Crosslinkable PFPEs are a new 
class of mold material that can outperform PDMS in certain imprint lithography and 
micromolding techniques.19,20  PFPEs possess high solvent resistance and low surface 
energies (8-10 dynes cm-1) and are thus well suited to patterning metal oxide precursor 
solutions.21-23   
 
a b c
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Figure 2.4  Schematic illustration of possible deformations and distortions of microstructures in the 
surfaces of elastomers such as PDMS, a) pairing, b) sagging, c) shrinking.15 
 
2.2  Experimental Section 
2.2.1  Materials and Characterization Techniques 
All materials were purchased from Aldrich and used as received.  All metal 
oxides were characterized with an x-ray diffractometer (XRD, Rigaku) using Cu Kα 
radiation.  SEM micrographs were obtained with a Hitachi S-4700 instrument.  ATR-IR 
analyses were performed with a Tensor 27 FTIR instrument (Bruker) using a Hyperion 
microscope fitted with an ATR objective with a Ge crystal as the internal reflectance 
element (IRE) and a MCT detector.  OPUS software was employed for data processing.  
XPS data was obtained using a Kratos Axis Ultra DLD X-ray Photoelectron Spectrometer.  
EDS data was collected using an Oxford instruments, INCA PentaFET –x3. 
 
2.2.2  Metal Oxide Precursor Synthesis 
To make titania sol 1, titanium butoxide (10.0 g, 29.4 mmol) was combined with 
acetylacetone (6.80 g, 68.0 mmol).  After 15 minutes of stirring, 2-propanol (8.0 mL) was 
added to the solution.  Glacial acetic acid (0.252 g, 4.19 mmol) was added dropwise to 
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the stirring solution.  The sol was stirred for 1 h and filtered with a 0.45 μm filter before 
use.  To make titania sol 2, the same procedures were followed with different reagents.  
Titanium ethoxide (1.00 g, 4.39 mmol), 2-propanol (4.0 mL), and hydrochloric acid (0.12 
g, 3.26 mmol) were used.  To convert TiO2 into the anatase form, samples were heated to 
450°C at a rate of 10°C per min and held at 450°C for 30 min. 
To prepare the SnO2 sol, SnCl2•2H2O (3.82 g, 16.9 mmol) was dissolved in 
anhydrous ethanol (37.5 mL).  This solution was refluxed at 80°C for 2 h, allowed to cool 
to room temperature, and then filtered before use.  In order to obtain crystalline SnO2, 
samples were heated to 450°C for 30 min. 
A ZnO sol was prepared by dissolving zinc acetate dihydrate (2.20 g, 10.0 mmol) 
in 2-propanol (10 mL) and rapidly adding diethanolamine (1.05 g, 10.0 mmol) to the 
stirring solution.  This solution was heated to 50°C and after 10 min, deionized water was 
added dropwise (0.09 mL).  The solution was cooled to room temperature then filtered 
before use.  Crystalline ZnO was obtained by heating the samples to 500°C and holding 
for 1 h. 
 
2.2.3 PFPE Functionalization Reaction 
All glassware was flame dried and purged with nitrogen before use.  A 100 g 
portion (100 mmol) of the PFPE diol was diluted with 300 mL of 1,1,1-3,3-
pentafluorobutane (solkane).  To this clear solution, a 32.6 g portion (0.210 mol) of 2-
isocyanato-ethylmethacrylate was added.  A 0.5 mL portion of DiazaBicycloUndecene 
catalyst was added dropwise to the solution.  This solution was refluxed at 55°C for 1 h 
and then cooled to room temperature.  The solution was diluted with 30 mL of solkane.  
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This solution was run down an alumina column using solkane as the solvent.  
Rotoevaporation was used to remove all of the solkane from the eluent.  The resulting 
clear oil was passed through a 0.45 μm filter.   
 
2.2.4  Mold Fabrication 
A liquid PFPE precursor solution comprising either 1.0 kg mol-1, 1.5 kg mol-1 or 
4.0 kg mol-1 PFPE α,Ω-functionalized dimethacrylate and the photoinitiator 2,2-
diethoxyacetophenone (0.1 weight %) was poured over a patterned master template.  The 
liquid precursor was then crosslinked using UV photoirradiation (λ = 365 nm) for 3 min 
under a constant nitrogen purge.  The fully cured PFPE-DMA elastomeric mold was then 
released from the master template. 
 
2.2.5  Metal Oxide Patterning 
Generally, the liquid sol-gel precursors were drop-cast onto a relevant substrate, 
including glass, ITO, or FTO, and then a PFPE mold was pressed into the sol and held at 
constant pressure using a vise.  The sample was held at an elevated temperature (110°C) 
in order to undergo the sol-gel transition via solvent removal.  After sufficient time for 
solvent evaporation (3 hr), the mold was peeled off the substrate, leaving an embossed 
xerogel film.  Crystalline metal oxide films were formed by annealing the xerogel films 
at the respective crystallization temperatures. 
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2.2.6 AAO Membrane Fabrication 
 Anodization of aluminum was performed by Stuart Williams and conducted in a 
Teflon™ cell obtained from the Samulski group and followed a two-step procedure.  A 
high purity aluminum foil (99.99%) was electrochemically polished in a mixture of 
perchloric acid (70%) and ethanol with a volume ratio of 3:7 at a constant current of 100 
mA for 4 min.  The aluminum was held in the Teflon™ cell with one surface in contact 
with a Cu plate anode, a Pt wire served as the cathode, and a 0.3 M oxalic acid aqueous 
solution was the electrolyte.  The cell was placed in an ice bath and the electrolyte was 
stirred vigorously.  The first step of the anodization was carried out under a constant 
voltage of 40 V at 4°C.  After several hours of anodization, the anodized aluminum was 
taken out of the cell and immersed in a mixture of 1.8 wt% chromic acid and 6 wt% 
phosphoric acid with a volume ratio of 2:8.  The sample was etched in this mixture at 
60°C for 40 mins to remove the anodized layer.  After cleaning with water and ethanol, 
the treated aluminum was placed in the Teflon™ cell for the second step of anodization, 
which followed the same parameters as the first step.  Anodization time was controlled to 
obtain AAO membranes with desired thicknesses.  After anodization, the pores of the 
AAO membranes were widened by chemical etching in 5% aqueous phosphorous acid at 
30°C for 40 mins to obtain a larger pore diameter. 
 
2.2.7 Block Copolymer (BCP) Master Fabrication 
A BCP template was obtained from Professor McGehee’s laboratory at Stanford 
University, where the master was made from diblock copolymers of poly(styrene-b-
methylemethacrylate) (PS-b-PMMA).  In order to modify the substrate surface, a solution 
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of random copolymers was spun cast on a Si wafer then heated to 175°C under vacuum 
for 72 h.  Then a 1 wt. % solution of PS-b-PMMA (MW 88,000 or 72,000 or 65,000 
g/mol with 70 vol. % styrene) was spun cast onto the substrate and annealed at 175°C 
under vacuum for 24 h.  Subsequent exposure to UV light degraded the PMMA domains 
and crosslinked the PS domains.  The wafer was rinsed first in glacial acetic acid and 
then in DI H2O.  Pattern transfer into the Si was performed using a Cr etch mask.  The 
reactive ion etching (RIE) was done using NF3 gas (20 sccm NF3, 2.66 Pa chamber 
pressure, 430 V bias voltage) in an AMT 8100 Plasma Etcher with an etch rate of 25 
nm/min and a RIE time of 3 min.  The Si nanopillars were UV-ozone treated for 60 min 
then rinsed in hydrofluoric acid and DI H2O. 
 
2.2.8 NanoSphere Lithography (NSL) Master Fabrication 
The NSL master was obtained from Professor McGehee’s group at Stanford 
University.  To fabricate the master, a monolayer of polystyrene nanospheres (diameter 
26 ± 5.5 nm, concentration 4.1 g/100 mL, purchased from Interfacial Dynamics Corp.) 
was deposited on a silicon wafer by first diluting the original solution of nanospheres 
two-fold and then spin-casting at 5000 rpm.  A 5 nm layer of Cr was evaporated on the 
nanosphere monolayer using electron-beam evaporation.  The spheres were then 
dissolved by sonication in heated toluene for 1 – 2 hr.  The exposed silicon surface was 
etched using a NF3 RIE (20 sccm NF3, 2.66 Pa chamber pressure, 430 V bias voltage) in 
an AMT 8100 Plasma Etcher.  RIE times of 3 and 4 min were used.  The nanopillar 
surface was cleaned using a UV-ozone treatment.  Any remaining Cr was removed using 
a standard piranha etch (80% conc. sulfuric acid and 20% hydrogen peroxide, by volume).   
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2.3  Results and Discussion 
2.3.1  Metal Oxide Patterning Procedures 
 Previously, the PRINT technique has been used extensively to fabricate shape 
specific, monodisperse, isolated nanoparticles by taking advantage of the unique 
properties of PFPE elastomeric molds.21-29  In order to obtain patterned arrays of metal 
oxide features on relevant substrates, the PFPE molds were either used to emboss a liquid 
solution on a solid substrate or a filled mold was directly laminated onto a solid substrate, 
Figure 2.5.30  To start this process, a silicon master template with the desired dimensions 
was fabricated using lithographic techniques.  A liquid PFPE precursor solution 
comprising a PFPE α,Ω-functionalized dimethacrylate and 2,2-diethoxyacetophenone 
was poured over the nano-patterned master template.  The PFPE precursor was then 
photochemically crosslinked to provide an elastomeric mold of the master template.  In 
order to obtain an array of isolated features (as shown in Figure 2.5, c1-e1), mold cavities 
were filled with a liquid sol-gel by taking advantage of capillary fill processes.  The sol-
gel was dropped onto the mold and a poly(ethylene) sheet was laminated to the mold and 
then slowly peeled away at a controlled rate.  The filled mold was then placed face-down 
on the substrate, constant pressure was applied to the mold, and the entire assembly was 
held at an elevated temperature in order to undergo the sol-gel transition via solvent 
removal, which is assisted by the air permeable mold.  To obtain an embossed film (as 
shown in Figure 2.5, c2-e2), the liquid sol-gel was dropcast onto the substrate and the 
mold was pressed down and held at constant pressure.  The sample was then held at an 
elevated temperature in order to undergo the sol-gel transition.  In both situations, the 
low-surface energy PFPE mold was peeled off the substrate leaving either amorphous 
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titania isolated features or an embossed film as shown.  Once in the amorphous state, the 
substrate was calcined to form the desired crystalline phases.   
 
 
 
 
 
 
 
 
Figure 2.5  Schematic illustration of the PRINT process: (a) Si master template; (b) mold release from 
master template; (c1) mold filling via capillary fill with poly(ethylene) sheet; (d1) pattern transfer to 
substrate at elevated temperature and pressure; (e1) mold release from array of isolated features; (c2) 
embossing a liquid precursor; (d2) pattern transfer to substrate at elevated temperature and pressure; (e2) 
mold release from an embossed film. 
 
An interconnecting flash layer is typically formed when the PFPE molds are used 
to emboss the liquid sol-gel film (Figure 2.6 a); this event is beneficial for the subsequent 
fabrication of a BHJ solar cell using the patterned film.  However, in some applications a 
flash layer between the substrate and features is not desirable.  The PRINT process is 
sufficiently flexible to also be used in these situations.  Figure 2.6 b is a SEM micrograph 
of an array of isolated anatase titania features that have been patterned on a glass 
substrate using the procedures outlined in Figure 2.5, a – e1.  In this method, the PFPE 
mold cavities are filled with the liquid sol-gel while the land areas around the cavities 
have no liquid on them.  The filled mold is then directly laminated onto the glass 
substrate using a mechanized roller with applied pressure.  After solvent evaporation at 
110°C, the amorphous titania features are calcined.  In order to demonstrate the formation 
of an isolated array of TiO2 features, a doctor’s blade has been used to scrape the surface 
a b
c1 d1 e1
c2 d2 e2
Isolated Features
Embossed Film
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of the substrate.  As shown in the SEM, there is no interconnecting flash layer between 
the features. 
 
 
 
 
 
 
Figure 2.6  (a) SEM micrograph of a patterned array of anatase TiO2 features with an interconnecting flash 
layer; (b) SEM micrograph of an array of isolated anatase TiO2 features.  The pattern has been scraped with 
a doctor’s blade to demonstrate the lack of an interconnecting flash layer between features. 
 
2.3.2  Titania Sol Gel Formulations and Characterization 
 Patterned arrays of TiO2 have a variety of applications including photovoltaic 
devices and sensors;33-38 however, the utility of these patterns often depends on the extent 
of crystallinity in the final film.  In excitonic solar cells, the anatase phase of crystalline 
TiO2 provides for more efficient separation of the exciton followed by charge transport.6  
Typically, a liquid sol gel precursor is first heated to remove free solvent in order to form 
an amorphous xero-gel.  This solid film contains organic components within the 
polymeric network and subsequent calcination is required to form the desired crystalline 
phase.   
In this work, patterned titania features were obtained using traditional sol-gel 
chemistry techniques.  To prepare a stable TiO2 sol-gel, the inorganic precursor titanium 
tetrakis(n-butoxide) Ti(OCH2CH2CH2CH3)4 was chelated with acetylacetone.  This 
solution was diluted with 2-propanol before adding acetic acid as a catalyst.  The liquid 
sol-gel was then embossed using a patterned PFPE mold under elevated pressure (~1.0 
2.50 µm200 nm
a b
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MPa), typically provided by a vise.  A dome shaped PDMS insert was placed between the 
PFPE mold and the vise to evenly distribute pressure across the entire sample.  Upon 
solvent removal at 110°C, an amorphous patterned film was formed.  After removing the 
sample from the vise and peeling the mold off the pattern filmed, the amorphous solid 
was calcined at 450°C to obtain the anatase form of crystalline TiO2.  
Amorphous titania formed from the sol-gel recipe described previously has a 
variety of organic moieties that should be present in the solid film.  Using basic metal 
alkoxide solution chemistry principles, a polymeric network built from the monomers 
depicted in Figure 2.2 is expected to form.  The presence of organic components can be 
detected using Attenuated Total Reflectance Infrared spectroscopy (ATR-IR).  The 
spectra shown in Figure 2.7 demonstrate the presence of a variety of organic components 
and their subsequent removal after calcination.  The spectrum for the amorphous titania 
film (blue line) has characteristic peaks including a broad peak centered at 3500 cm-1 for 
an OH stretch, a peak at 2900 cm-1 for a CH stretch, peaks at 1415 and 1350 cm-1 for CH 
bending, and a peak at 1000 cm-1 for C-O stretching.  The spectrum for the crystalline 
TiO2 film (red line) is void of these peaks.  Note the peak at 2350 cm-1 that is present in 
both spectra is due to the presence of CO2 in the air.    
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Figure 2.7  ATR-IR spectrum of amorphous titania (blue line) and crystalline TiO2 (red line). 
 
An additional technique for detecting the presence of elements on a surface is 
energy dispersive x-ray spectroscopy (EDS).  EDS measurements shown in Figure 2.8 
were taken from a calcined, patterned array of 3.5 µm diameter cylindrical posts on a 
silicon surface.  The line trace for data analysis is overlaid on the SEM micrograph.  The 
spectrum for titanium (blue) and oxygen (red) are co-located and correspond to the 
patterned posts on the SEM.  This data demonstrates that the patterned posts do contain 
elemental Ti and O, indicators for the presence of TiO2.  Additionally, the spectrum for 
silicon (green) indicates that the patterned features are surrounded by the Si substrate. 
 The ideal method for determining the crystalline phase of a sample is X-ray 
powder diffraction (powder XRD).  Powder XRD spectra, taken from bulk samples of the 
amorphous and calcined TiO2 films, are shown in Figure 2.9.  As expected, the 
amorphous material (blue line) produces no peaks because the material is not crystalline.  
However, the calcined material has the characteristic peaks of the anatase phase of TiO2 
including the 2-Θ values of 25.24°, 37.12° and 37.78°, 48.02°, 53.90° and 55.08°, 62.78°, 
70.20°, and 75.14°.31  Additionally, Transmission Electron Microscopy (TEM), shows 
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that the resulting anatase morphology consists of crystallites that are approximately 10 
nm in diameter.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8  SEM micrograph of a patterned anatase TiO2 feature and EDS spectra of oxygen (red), titanium 
(blue), and silicon (green) elemental analysis. 
 
 SEM micrographs of patterned substrates are shown in Figure 2.10 A and B 
before calcination and in Figure 2.10 C and D after calcination.  The width and height of 
the amorphous features closely approximate the mold size, indicating good filling of the 
mold and a porous network.  After calcination, both the width and height of the features 
decrease; however, shrinkage along the z-axis is more significant.  This anisotropic 
volume loss has been observed in other work.7,8  Shrinkage of titania features after 
calcination is expected based on the low weight percent of solids in the sol formulation.  
In order to obtain high fidelity patterns over large surface areas, volume loss must be 
minimized.  Significant shrinkage after calcination can lead to loss of pattern details and 
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severe cracking.  By altering the sol-gel chemistry, it is possible to control the extent of 
feature reduction upon calcination.   
 
Figure 2.9  Powder XRD spectra of amorphous titania dried at 110°C (blue line) and crystalline TiO2 
calcined at 450°C (red line). 
 
 A typical titania sol recipe includes a titanium precursor, coordinating ligand, 
solvent, and acid catalyst.  The titanium precursor is usually a titanium alkoxide, where 
shorter chain alkoxides, such as titanium ethoxide tend to produce less volume loss 
compared to a longer chain alkoxides, such as titanium butoxide.  Generally, the weight 
percent of titanium in the initial formulation also has a significant impact on the overall 
volume reduction of the patterned and calcined features.  However, other parameters, 
including the ratio of the chelating ligand to titanium or the type of acid catalyst used, 
also impact volume reduction.  Table 2.1 summarizes seven different titania sol gel 
recipes that varied with respect to the type and amount of titanium alkoxide, chelating 
ligand, solvent and acid catalyst used.  These sol-gels were then patterned using a mold 
of a 200 x 200 nm cylindrical master, and then the amorphous films were calcined.  The 
feature reduction indicates the decrease in feature height from the anticipated 200 nm.  
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Even with the % Ti was held constant, sol-gels made with titanium ethoxide instead of 
titanium butoxide had less feature height reduction.  However, the type of solvent and 
acid catalyst that were used also impacted feature heights. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.10  Array of isolated titania features on an ITO coated glass slide from a 200 x 200 nm mold using 
a titania sol-gel.  (A) and (B) in the xerogel and (C) and (D) after calcination to form the anatase titania 
patterns. 
 
 Despite the inherent volume loss upon calcination, the patterned TiO2 arrays 
maintain the spatial order of the original master template.  Quantitative analysis of SEM 
results of the silicon master, PFPE mold, and TiO2 replicas confirm the high fidelity of 
the PRINT process.  This quantitative analysis was performed using software developed 
by Dr. David Shirvanyants.  Figure 2.11 shows the orientational order parameter S = 
½<3li•lj -1> where li, lj are vectors between adjacent lattice sites along a given lattice 
direction l separated by a distance |li - lj|; the brackets <> indicate an average over all 
pairs of vectors.32  For a perfect hexagonal lattice, S = 1.0 independent of the separation 
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between vectors; S = 0 for a disordered lattice. The master, mold, and replica exhibit a 
value of unity within the experimental uncertainty for nearest neighbors with the order 
parameter in the titania pattern decaying slightly more rapidly with separation distance 
relative to S for the master template and the PFPE mold.  The basic conclusion from the 
image analysis is that orientational order in patterned inorganic oxides using the PRINT 
process is maintained over multiple lattice distances. 
 
 
 
 
 
 
 
 
 
 
Table 2.1.  Titania sol recipes with corresponding feature reductions where Ti(OEt)4 is titanium ethoxide, 
Ti(OBu)4 is titanium butoxide, AcAc is acetylacetone, EtOH is ethanol, IPA is isopropyl alchohol, and 
HOAc is acetic acid. 
 
 
 
 
 
 
 
 
 
 
 
50 nm8.0HOAcIPAAcAcTi(OBu)4
100 nm6.0HOAcIPAAcAcTi(OBu)4
95 nm2.7H2OIPAAcAcTi(OBu)4
85 nm2.7HOAcIPAAcAcTi(OBu)4
50 nm4.9HClIPANoneTi(OEt)4
130 nm2.3HClIPANoneTi(OEt)4
70 nm2.3HCl + H2OEtOHNoneTi(OEt)4
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Figure 2.11  Orientational order parameter for a 200 x 200 nm Si master template, PFPE mold, and anatase 
TiO2 pattern. 
 
2.3.3  Versatility of the PRINT Process for Patterning Metal Oxides 
 Our initial investigations into use of the PRINT process for the patterning of 
metal oxides have been focused on the use of titania sol-gels, due to the materials 
applicability to the PV field.  For these purposes, PFPE molds from a silicon master 
template consisting of a hexagonally-patterned array of cylindrical posts each 200 nm in 
diameter and 200 nm in height have been utilized.  While these feature dimensions are 
orders of magnitude greater than those necessary for BHJ type solar cells, these size 
scales allow for the facile investigation of patterning parameters.  Figure 2.12 shows a 
SEM and AFM results of an embossed array of patterned anatase TiO2 replicated from a 
200 x 200 nm master template.  
 
 
 
 
Figure 2.12  SEM micrograph and AFM from a patterned array of anatase TiO2 features using a 200 x 200 
nm mold. 
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Due to the nature of the PRINT patterning process and the extremely low surface 
energy of the PFPE elastomeric molds used for patterning, the substrate onto which 
patterns are created can be varied.  Electronic applications, specifically solar cells, benefit 
from pattern replication directly on relevant substrates, such as transparent conductive 
oxide (TCO) electrodes.  Shown in Figure 2.13 are SEM micrographs of titania features 
embossed onto glass, indium tin oxide (ITO) coated glass, and fluorine tin oxide (FTO) 
coated glass. Both ITO and FTO are commonly used TCO electrodes used in the PV field.  
Apparently the substrates used have little affect upon the ability of the PFPE mold to 
form a pattern using the sol-gel route.  It can be seen from Figure 2.13 that all of the 
patterns shown have flash layers with various thicknesses.   
In addition to anatase TiO2, BHJ solar cells commonly use other metal oxides as 
an electron acceptor material.  The chemical resistivity of the PFPE mold does not limit 
patterning to TiO2 sols.  A wide range of metal oxides can be obtained and patterned 
from sol-gel precursors.  Tin oxide (SnO2), a transparent semiconductor, has recently 
been investigated for optoelectronics, hybrid microelectronics, and solar energy 
conversion applications.33,34  Many of these applications would benefit from the ability to 
pattern regular arrays of SnO2 particles over a large surface area.  Using a tin chloride 
precursor, a SnO2 sol has been obtained and used for patterning.  Arrays of SnO2 features 
generated from a 200 x 200 nm mold and the respective powder XRD spectrum are 
shown in Figure 2.14.   
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Figure 2.13  SEM micrograph of anatase TiO2 features replicated on (a) glass, (b) ITO coated glass, and (c) 
FTO coated glass. 
 
Zinc oxide (ZnO) is a stable, wide band gap semiconductor with good electrical 
conductivity.  Various devices employ thin films of ZnO such as piezoelectric 
transducers, solar cells, and gas sensors.35-41  In particular, improved performance in solar 
cell and gas sensor applications could be achieved if highly ordered arrays of ZnO 
features were fabricated.  A ZnO sol has been obtained using a zinc acetate precursor, 
and features have been generated from a 200 x 200 nm mold, shown in Figure 2.15 with 
the respective powder XRD spectrum.  Unlike the TiO2 and SnO2 features, these patterns 
are not sharply defined.  This sol formula uses diethanolamine (DEA), which has a 
boiling point that is above the drying temperature of the oven used.  This may account for 
the deformed features observed in Figure 2.15. 
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Figure 2.14  Powder XRD and patterned array of SnO2 features made from a 200 x 200 nm mold. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.15  Powder XRD and patterned array of ZnO features made from a 200 x 200 nm mold. 
 
One significant advantage of soft lithography over hard imprint methods is the 
ability to deposit multiple layers without destroying the pattern of the first layer.  An 
example of the inherent flexibility of the PFPE mold in the PRINT process is shown in 
Figure 2.16, where a second generation of titania posts have been patterned on top of a 
first generation.  The intriguing pattern generated by the double PRINT process is a 
Moiré pattern that results from the imperfect orientational alignment of two hexagonally-
patterned arrays of features.  The double PRINT technique offers the potential to increase 
the height and density of features, an important factor for solar cell applications, without 
having to fabricate an expensive new silicon master. 
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Figure 2.16  SEM micrograph of a double stamped TiO2 pattern from a 200 x 200 nm mold.  Inset taken at 
a 30° tilt. 
 
Pattern replication using the PRINT process is not limited to structures with an 
aspect ratio of one.  Silicon masters with cylindrical posts that are 200 nm in diameter 
and 600 nm in height have been molded and replicated in titania, as shown in Figure 2.17.  
Due to lateral shrinkage, an unavoidable phenomenon when generating patterns using a 
metal oxide sol gel-based route, the anatase TiO2 posts have an aspect ratio of 
approximately 2.5.   
 
 
 
 
 
 
 
 
Figure 2.17  TiO2 features replicated from a 200 x 600 nm master. 
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2.3.4  Sub-100 nm Pattern Replication: Ordered Master Templates 
Sub-500 nm pattern replication using the PRINT method has been established; 
however, the process can be extended to patterning sub-100 nm features.  In order to 
replicate such small feature sizes, a mold material with high resolution capabilities is 
required.  The accessible resolution from a mold is dependent on its modulus and surface 
energy.  PFPEs have extremely low surface energies; however, the modulus can be 
significantly changed by altering the molecular mass between crosslinks (Mc) for the 
elastomer.  By utilizing a PFPE polymer with a shorter Mc, the modulus of the mold will 
increase.  Typically, we use a PFPE elastomer with a Mc of 4.0 kg mol-1 for feature 
replication above 200 nm.  For patterning on length scales below 100 nm, the higher 
modulus 1.5 kg mol-1 Mc PFPE is generally employed.  We have access to line grating 
master templates with line widths, spacing, and heights below 100 nm.  The modulus of 
4.0 kg mol-1 PFPE is 7.0 ± 0.3 MPa; however, by decreasing the Mc to 1.5 kg mol-1, the 
modulus of the PFPE becomes 48 ± 4 MPa.  Using this PFPE as a mold material, features 
with dimensions less than 100 nm have been molded and replicated in anatase TiO2.   
 Lines grating master templates have been fabricated by Dr. Scott Retterer using 
electron-beam instrumentation at Oak Ridge National Laboratories.  The lines are 60 nm 
in width, 100 nm in depth, and spaced by 60 nm (aspect ratio of 1.67).  The patterned 
area covers 1 cm2, which is a significantly larger area than typical electron-beam 
patterned substrates.  This surface area coverage was obtained by using a longer write 
time.  Molds were made from this line grating master template using 1.5 kg mol-1 PFPE 
and then used to pattern a titania sol-gel following established procedures.  The 
amorphous film was calcined at 450°C in order to obtain the anatase form of TiO2.  The 
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resulting patterns are shown in Figure 2.18.  From the cross sectional image, it appears 
the titania lines closely replicate the original master template dimensions; although a few 
defects are present.  From the top-down SEM image, it appears there are occasional 
missing lines, resulting either from line collapse of the mold (defect far right, Figure 
2.18) or the amorphous pattern remaining in the mold (defect far left, Figure 2.18) upon 
mold removal.  Line collapse of the mold is a function of the critical aspect ratio, which 
can be calculated from the Equation 1, where h is the line height, d is the line width, w is 
the spacing between adjacent lines, E is the Young’s Modulus, and γs is the surface 
energy.35  Based on the known modulus and surface energies of the 1.5 kg mol-1 PFPE, it 
is apparent that 1.5 kg mol-1 PFPE molds should not suffer from line collapse issues. 
 
 
 
 
 
 
Figure 2.18  SEM micrographs of anatase TiO2 lines replicated from the ORNL line master template.
 
Equation 1.  Formula for calculation of the critical aspect ratio.35 
 
Additionally, diffraction grating master templates with smaller aspect ratios have 
also been employed for sub-100 nm patterning.  Figure 2.19 (a and b) shows anatase TiO2 
features patterned from a master template with a pitch of 180 nm and line heights of 135 
nm (aspect ratio of 1.5).  The resulting crystalline features show high fidelity replication 
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of the original master template dimensions.  In Figure 2.19 (c and d), the resulting 
patterns from a master with a pitch of 150 nm and line heights of 45 nm (aspect ratio of 
0.6) are shown.  While there has been some loss of spatial resolution due to volume 
reduction, the overall pattern does match the master template dimensions.  By using a 
master template with a smaller aspect ratio, either 1.5 or 0.6, compared to the electron-
beam line grating, aspect ratio of 1.67, there are no more feature defects present.   
 
 
 
 
 
 
 
 
 
Figure 2.19  SEM micrographs of anatase TiO2 lines replicated from a master template with a 180 nm pitch 
and AR of 1.5 (a and b) and a 150 nm pitch and AR of 0.6 (c and d). 
 
2.3.5  Sub-100 nm Pattern Replication: Disordered Master Templates 
 An alternative and less costly route to sub-100 nm master template fabrication 
uses anodic porous alumina (AAO).  The anodic oxidation of aluminum in an oxalic acid 
electrolyte leads to the formation of pores with diameters of 4 to 200 nm and pore depths 
that range in length from nanometers to microns.36  The pore diameter can be increased 
using a chemical etch process.  Pore depth is directly proportional to the length of 
a
dc
b
61 
anodization time and can be controlled easily.37  If a double anodization process is 
employed, more ordered membranes with hexagonally packed cells can be generated.51,52   
 As master templates, AAO membranes provide a route to obtain features with 
extremely small widths and spacings, as well as a wide range of feature heights.  
However, these masters are significantly different from traditional, photolithography 
fabricated master templates.  Instead of an ordered array of smooth features, for example 
cylindrical posts or lines, AAO masters possess a rough surface with pores that are not 
vertically straight.  A colleague in the DeSimone Laboratory, Stuart Williams, fabricated 
the AAO masters used in this work.  Molds of these AAO masters were made using 1.0 
kg mol-1 PFPE and were then used to pattern a titania sol-gel.  A top-down SEM of the 
AAO master and resulting anatase TiO2 pattern is shown in Figure 2.20 (a and b).  While 
the pattern replication in the X-Y plane was successful, further investigation, 
demonstrated in Figure 2.20 (c and d), revealed there was little to no pattern depth in the 
Z plane.   
 
 
 
 
 
 
 
 
 
Figure 2.20  Top down SEM micrographs of (a) AAO master template and (b) anatase TiO2 replica.  Cross 
section SEM of (c) AAO master template and (d) anatase TiO2 replica. 
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In order to understand the failure to successfully replicate the depth of the AAO 
master template, the fidelity of the PFPE mold was investigated.  Analysis of the AAO 
master template before and after mold fabrication offers insight into the failure 
mechanism of the PFPE mold.  SEM micrographs of the AAO master before and after 
molding, shown in Figure 2.21, indicate that portions of the PFPE mold remain on the 
AAO surface.  It is possible that the PFPE liquid precursor infiltrated the AAO pores, but 
after curing into a solid elastomer, was physically torn from the bulk PFPE mold.  ATR-
IR measurements, shown in Figure 2.22, taken from a clean AAO membrane, a molded 
AAO membrane, and a PFPE mold support this hypothesis.  The PFPE film (green line) 
has a characteristic peak at 1725 cm-1 for the C=O moiety present in the end group of the 
pre-polymer, 1515 cm-1 for bending of the N-H moiety present in the end group of the 
pre-polymer, as well as a strong peak from 1200 – 1000 cm-1, resulting from stretching of 
the C-F moiety present in the polymer chain.  The spectrum from a clean AAO 
membrane (red line) is void of these peaks, while the spectrum from a molded AAO 
membrane (blue line) possesses these characteristic peaks.  This data indicates that a 
significant amount of PFPE material has been left on the AAO membrane surface after 
the molding process. 
 
 
 
 
 
 
Figure 2.21  SEM micrograph of AAO master template before (left) and after (right) mold fabrication with 
PFPE. 
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Figure 2.22  ATR-IR spectra of AAO master template before (red line) and after (blue line) mold 
fabrication with PFPE and a PFPE mold (green line). 
 
Additionally, XPS data in Figure 2.23 taken from similar surfaces provides 
further support for this theory.  A clean AAO membrane has a background surface 
fluorine content of 7.25%.  After just one round of molding with PFPE, the surface 
fluorine content of an AAO membrane increases to 22.5%.  Numerous rounds of molding 
further increase the surface fluorine content to 38.1%.  A solid PFPE mold has a 
measured 47.2% surface fluorine content.  While AAO master templates are promising 
candidates for master templates based on the pore size and depth, the rough surface 
properties and non-vertical pores are not ideal for mold fabrication using the PRINT 
process. 
 
Figure 2.23  XPS data on AAO master templates before and after mold fabrication with PFPE and a PFPE 
mold. 
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Nontraditional lithography methods exist for fabricating sub-100 nm patterns over 
surface areas of 1 cm2 or larger. Block copolymer (BCP) lithography techniques have 
been developed for the fabrication of well-ordered patterns with periodicities ranging 
from 15 – 100 nm over macroscopic areas.45-48  Gowrishankar and coworkers38 developed 
a BCP lithography method where PS-b-PMMA is deposited on a silicon wafer and 
annealed in order to produce oriented microdomains of the two polymers in the film.  
Exposure to UV radiation degrades the PMMA domain and crosslinks the PS matrix.  In 
order to transfer the pattern into silicon using reactive ion etching (RIE), a chromium etch 
mask is deposited on the crosslinked PS film as well as the pores left from PMMA 
removal.  An oblique-angled Ar sputter-etch is then used to remove the PS film, leaving 
behind islands of Cr that can be used as an etch mask.  Standard RIE techniques can then 
be used to generate a patterned Si master.  Professor McGehee from Stanford University 
has generously provided these masters for us to use in conjunction with the PRINT 
process.  Molds of these BCP masters were made using 1.0 kg mol-1 PFPE and then used 
to pattern a titania sol-gel.  SEM micrographs of the resulting amorphous titania and 
subsequent anatase TiO2 patterns (Figure 2.24) show pattern replication across the 
substrate surface; however, the feature heights are significantly reduced from the original 
master template.  In order to ascertain the cause of this patterning failure, PFPE molds 
were used to pattern a SU-8 photoresist.39  This material is well known in the 
photolithography field as a patterning material that consistently provides high fidelity 
patterns on a nanometer length scale.  The resulting BCP pattern in SU-8 is shown in 
Figure 2.24.  These pattern dimensions replicate the original master template with a high 
degree of accuracy.  These results indicate that unlike the failure to replicate the AAO 
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membranes, the patterning issues are not related to mold fidelity.  Instead, it appears that 
the liquid sol-gel is possibly filling the mold incompletely and/or the subsequent volume 
reduction after heating has negated the pattern.   
 
 
 
 
 
 
 
 
 
 
Figure 2.24  SEM micrographs of a BCP master template and resulting pattern replication in SU-8 
photoresist, amorphous titania, and crystalline TiO2.   
 
Another nontraditional lithographic route towards sub-100 nm master template 
fabrication is Nano-Sphere Lithography (NSL).  NSL has proven to be a simple yet 
effective technique to obtain periodic arrays of nanopillars across a large surface area.40  
Gowrishankar and coworkers have developed an NSL method to fabricated nano-
patterned, silicon masters.41  By first spin-casting a dilute solution of polystyrene 
nanospheres on a silicon wafer, a monolayer of nanospheres was readily deposited over 
the entire surface.  These nanospheres are not robust enough to be used directly as an 
etch-mask for a RIE; therefore, a 5 nm Cr layer was deposited on top of the nanosphere 
monolayer using electron-beam evaporation.  The nanospheres are then dissolved by 
BCP Master BCP in SU-8
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sonication in toluene at 60°C.  This process leaves behind islands of Cr that are used as 
an etch-mask for nanopillars.  The height of the final features in silicon is directly 
proportional to the time of the RIE (all other conditions remaining constant).  The 
features we obtained were randomly oriented post-like structures with the highest aspect 
ratio structures having a maximum height of 140 nm and a diameter of 20 nm.  The 
random orientation was due to the large variance in nanosphere diameters (average of 20 
nm) which resulted in various sized interstitial holes between nanospheres where the Cr 
mask was deposited.  Any Cr remaining on top of the nanopillars was removed using a 
standard piranha etch.  While the feature shape and distribution across the wafer varied 
for each sample, this method was effective in generating nanoscale patterns across a large 
area.  Professor McGehee has also provided us with these NSL master templates to 
replicate using the PRINT process. 
Unlike previous efforts towards replicating AAO membranes and BCP masters, 
we have successfully replicated the NSL masters in anatase TiO2, as shown in Figure 
2.25.  Because this master consists of posts and not pores, as the AAO membranes did, 
there are no mold fidelity issues.  However, as expected, there is some degree of volume 
reduction of the pattern after calcination, as shown in Figure 2.26.   
 
 
 
 
 
Figure 2.25  SEM micrographs of NSL master template (left) and pattern replication in anatase TiO2. 
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Figure 2.26  SEM micrographs of pattern replication from the NSL master template in amorphous titania 
(left) and crystalline TiO2 (right). 
 
2.4 Conclusions 
The PRINT technique has been extended to patterning of isolated features as well 
as embossed films of sub-500 nm, inorganic oxides including TiO2, SnO2, and ZnO.  The 
versatility of this soft lithography method allows patterns to be generated on a variety of 
substrates including glass and transparent conductive oxides.  Volume loss upon 
calcination has been observed for all sol-gel formulations; however, the extent of 
shrinkage can be controlled through sol-gel chemistry and the spatial order of the master 
template remains intact in the pattern after calcination.  PRINT provides a route for (1) 
patterning features with an aspect ratio larger than 1 and (2) layer by layer deposition 
without destruction of the first layer. Additionally, pattern replication on the sub-100 nm 
scale, which has potential use in microelectronic applications, has been demonstrated.  
Line gratings have been replicated with feature dimensions as small as 45 nm or aspect 
ratios over 1.5.  Non-traditional lithography techniques were also used to fabricate master 
templates with sub-100 nm dimensions; however, only the NSL derived features were 
successfully replicated in TiO2 as a result of issues concerning mold fidelity and volume 
loss.   
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Nanostructured Titania-Polymer Photovoltaic Devices Made Using PFPE-Based 
Nanomolding Techniques 
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3.1  Introduction 
Current approaches in the field of organic-based solar cells typically rely on 
blended films of donor and acceptor-type materials, such as conjugated polymers and 
[6,6]-phenyl-C61-butyric acid methyl ester (PCBM) respectively.1-8  These methods 
result in the formation of a disordered bulk heterojunction (BHJ) morphology where it 
can be difficult to control the device architecture over large areas.9,10  The imperfections 
in the film morphology of these devices often leads to poor charge separation and 
transport within the device.  Consequently, the overall efficiency of these devices is quite 
low. 
In organic-based photovoltaic devices, light absorption by the conjugated polymer 
generates an excited state known as an exciton.  In order to obtain a charge separated 
state, the exciton must first diffuse to the donor-acceptor interface.  Studies have shown 
that an exciton can diffuse 10 - 20 nm in conjugated polymer films before recombining.9  
Due to these constraints, the ideal device architecture for organic-based solar cells would 
consist of an interdigitated network of the donor and acceptor materials that is on the 
length scale of exciton diffusion.10  This geometry would allow for both an increase in the 
harvesting of excitons and better charge transport within the device.  Additionally, for 
efficient absorption of sunlight, the device needs to be 100 – 200 nm thick.  The 
mechanism of charge harvesting and transport is depicted in Figure 3.1.10   
Ordered BHJs made by filling inorganic nanostructures with organic 
semiconductors have distinct advantages over their disordered counterparts because the 
morphology can be precisely controlled.1-5  Metal oxide (TiO2, ZnO, etc) templates can 
be fabricated with continuous pathways or pores on the scale of the exciton diffusion 
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length in the organic semiconductor.  Consequently, the device possesses the ideal 
morphology for maximizing charge collection efficiency, regardless of the polymer used. 
 
 
 
 
 
 
 
 
Figure 3.1  The mechanism of charge generation, separation, and transport within a BHJ solar cell.  Note 
typical exciton diffusion lengths range from 10 – 20 nm. 
 
The ideal titania nanostructure in an ordered heterojunction should be 
approximately 100-200 nm-thick and consist of an ordered array of titania posts or pores 
with 10-20 nm spacing (approximately twice the polymer exciton diffusion length).9  
With this geometry, every exciton formed in the donor material is able to reach the 
interface and be split into two distinct charge carriers.  The channels should also be 
straight and perpendicular to the substrate so that both charge carriers have a direct 
pathway to their respective electrode.  Previously, titania nanostructures have been made 
using a variety of techniques, including doctor blade spreading of titania paste,11 spray 
pyrolysis of titanium alkoxides,12 and evaporation induced self-assembly of titania 
solution precursors with an amphiphilic block copolymer as a structure-directing agent.13-
15  However, these methods do not produce straight channels that reach the back electrode.  
Instead, the pores are tortuous as shown in Figure 3.2 and the polymer chain packing is 
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disrupted, decreasing hole mobility and thus diminishing device performance.15,18  
Previous results using PV cells fabricated by infiltrating P3HT into mesoporous titania 
networks have shown that the polymer morphology within the porous network hinders 
charge transport to electrodes.13 
 
 
 
 
 
 
 
 
 
Figure 3.2  SEM micrographs of (a) TiO2 particles deposited using aerosol techniques12 and (b) and (c) 
fractured titania films fabricated using structure directing agents.14 
 
Recently, in an attempt to fabricate straight TiO2 pathways, anatase phase TiO2 
nanorods were employed in a blend for use in conjunction with P3HT as a polymer-
titania device.15  Another technique for optimizing the nanostructured morphology is soft 
lithography,16-18 a promising method due to its high throughput capability to produce 
nanoscale features over a large area.  Whitesides et al.25-27 has used polydimethylsiloxane 
(PDMS) molds to pattern sol-gel derived inorganic oxides into continuous membranes 
with nanoscale features and into discrete objects at fractions of a millimeter length scale.  
After gelation of liquid sol-gel precursors, the PDMS molds were removed and the 
patterned structures were annealed at high temperature.  While features as small as 30 nm 
b
c
a
 75 
have been reported, the process is limited by deformations such as feature coalescence, 
sagging, and swelling of the elastomeric PDMS mold.19  Another approach towards sub-
100 nm pattern replication in titania employs polymethylmethacrylate (PMMA) molds 
with a PDMS backing layer for added flexibility, as shown in Figure 3.3.20  The high 
compression modulus of PMMA prevents mold deformation and allows for higher-
resolution patterning.  However, in this method mold retrieval requires the wet-etching of 
the master template (step d in Figure 3.3) followed by dissolving the mold away from the 
inorganic pattern (step f in Figure 3.3). The non-reusable nature of the master and the 
mold make this method unsuitable for manufacturing solar cells on a large-scale. 
 
 
 
 
 
 
 
 
 
Figure 3.3  Schematic diagram of the processes involved in embossing titania: (a) preparing AAO template, 
(b) infiltrating PMMA, (c) coating on PDMS, (d) retrieving mold by wet chemical etching, (e) embossing 
sol-gel TiO2, and (f) removing the mold.20 
 
The PRINT process shows great potential for controlling device architecture in 
ordered bulk heterojunction solar cells.  As we demonstrated previously, the low surface 
energy, chemically inert PFPE molds can be used to pattern metal oxide sol-gel precursor 
solutions with excellent pattern fidelity.21  Furthermore, the PRINT process is amenable 
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to scaleable fabrication techniques such as roll-to-roll processes.  This technology would 
thus enable the facile production of large-scale solar cells, an important benchmark for 
the photovoltaics field.   
 
3.2  Experimental 
3.2.1  Materials 
All chemicals were purchased from Aldrich except the Z907 dye, which was 
purchased from Solaronix SA.  All chemicals were used as received except poly-3-
hexylthiophene (P3HT), which was purified by Soxhlet extraction using hexane and then 
chloroform.  The synthesis of perfluoropolyether dimethacrylate (PFPE-DMA) has been 
reported previously.22  The photoinitiator used to cure the PFPE-DMA was 2,2-
diethoxyacetophenone (DEAP).  Metal oxides were characterized with an x-ray 
diffractometer (XRD, Rigaku) using Cu Kα radiation.  XRD data can be found in Chapter 
2.  SEM micrographs were obtained with either a Hitachi S-4700 instrument or a FEI 
Helios 600 NanoLab Dual Beam System. 
 
3.2.2  PFPE Mold and Membrane Fabrication 
A liquid 1.0 kg mol-1 PFPE-DMA (α,Ω-functionalized dimethacrylate) precursor 
solution containing 1 wt% 2,2-diethoxyacetophenone (DEAP) was poured over a NSL 
patterned master template or a piranha cleaned silicon wafer.  The liquid precursor was 
then crosslinked using UV photoirradiation (λ = 365 nm) for 3 min under a constant 
nitrogen purge to provide an elastomeric mold of the master template.  The fully cured 
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PFPE-DMA elastomeric mold or flat membrane was then released from the respective 
silicon master or wafer.  
 
3.2.3  Titania Sol-Gel Synthesis 
To make titania sol 1, a 0.46 mL (2.22 mmol) portion of titanium ethoxide was 
combined with 5.1 mL of 2-propanol under nitrogen.  After several minutes of stirring, 
0.18 mL (2.18 mmol) of concentrated hydrochloric acid was added dropwise to the 
solution.  The sol was stirred for 1 h and filtered through a 0.45μm filter before use.  To 
make titania sol 2, 9.0 mL (26.4 mmol) titanium butoxide was combined with 0.27 mL 
acetylacetone (2.62 mmol).  After stirring for 15 minutes, 0.20 mL of 2-propanol was 
added to the solution. A 0.075 mL (1.31 mmol) portion of glacial acetic acid was added 
dropwise to the stirrring solution.  The sol was stirred for 1 h and filtered through a 0.45 
μm PTFE filter before use.   
 
3.2.4  Titania Nanostructure Fabrication 
The glass/FTO substrates (AFG Industries Inc., 100 Ω/□) were cleaned by first 
scrubbing with a dilute solution of Contrex AP detergent, rinsed with DI H2O, followed 
by sequential sonication in acetone, isopropanol, and DI H2O.  After drying the substrates 
at 110°C in air and UV-ozone cleaning them for 15 min, a thin film of sol 1 was 
deposited by spin casting the sol at 2000 rpm. These samples were then oven-dried at 110 
˚C for 12 h prior to being calcined at 450 ˚C for 30 min using a ramp-rate of 5 ˚C/min. 
Sol 2 was then drop-cast onto the substrate and either a flat PFPE membrane or a 
patterned PFPE mold was pressed into the liquid sol.  The sample was held at constant 
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pressure at 110 ˚C for 3 hr.  The mold was removed while the sample was still warm, and 
the samples were heated to 450°C at a rate of 10°C/min and held at 450°C for 30 min to 
crystallize the titania.  
 
3.2.5  PV Device Fabrication 
The freshly-calcined titania was treated with a UV-ozone clean for 10 min. 
Subsequently, a layer of heat-curable polyimide was applied to one edge of the titania 
film. The polyimide was heated for 10 min each at 60 ˚C, 90 ˚C and 140 ˚C, after which it 
was cured.  The non-dye coated samples were promptly transferred into a glove-box 
filled with nitrogen.  Some samples were first treated with the interfacial modifier (Z907), 
as reported previously,23 before being transferred into the glovebox.  For both the 
nanostructured and reference devices, a 100-nm-thick P3HT film was spun-cast from 
THF on top of the titania structures and melt-infiltrated by heating at 185 ˚C in a 
glovebox for 8 min followed by slow cooling.  Reflective top electrodes consisting of a 
70 nm layer of Ag were then thermally evaporated under vacuum (at greater than 10-6 
torr) on top of the polymer film.  The use of shadow masks allowed us to fabricate six 3-
mm2 finger-like devices per substrate.  All subsequent device testing experiments were 
done in nitrogen environment. 
 
3.3  Results and Discussion 
3.3.1  Feature Replication in Anatase Titania 
When fabricating titania nanostructures for photovoltaic applications, it was 
necessary to employ two layers of titania on top of the fluorine-doped tin oxide (FTO) 
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electrode.  The first layer was a flat, thin film foundation of anatase titania upon which 
the nanostructured layer was fabricated.  The thin film of titania provided a pinhole-free 
layer that prevents device shorting as a result of direct pathways between the top and 
bottom electrodes.  This was especially important if the second (patterned) titania layer 
had any small cracks or pinholes.  Different sol formulations were utilized for the two 
layers in order to obtain a crack-free thin film in the first layer and to prevent volume 
reduction and feature degradation in the second layer.  
In this process, a thin film of sol 1 as the compact underlayer was deposited onto 
a FTO electrode by spin casting.  The samples were then oven-dried and calcined at 
450˚C.  Subsequently, liquid sol 2 was drop-cast onto the sample and a PFPE mold was 
pressed down onto the substrate and held at constant pressure.  The sample was heated to 
110°C to facilitate the sol-gel transition via solvent removal, a process that was aided by 
the high gas permeability of the mold.  The low-surface energy PFPE mold was then 
peeled off the FTO substrate, leaving an embossed xerogel film.  Calcination of the 
xerogel phase at 450°C led to the formation of anatase titania features.  Scanning electron 
microscopy images of the silicon master template from NSL and resultant titania 
nanostructure are shown in Figure 3.4 (a and b) and AFM images of the master and 
pattern are shown in Figure 3.5 (a and b).   
 
 
 
 
 
Figure 3.4  SEM micrographs of (a) the master template fabricated using NSL and (b) the resulting TiO2 
pattern fabricated from the master. 
a b
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Figure 3.5  AFM images of (a) the master template fabricated using NSL and (b) the resulting TiO2 pattern 
fabricated from the master. 
 
3.3.2  Device Fabrication and Solar Cell Performance 
As previously described, we employed two layers of titania on top of the FTO 
electrode to fabricate the nanostructure.  Reference cells were also fabricated with two 
layers of titania to ensure a comparable reference cell for the nanostructure devices.  In 
this case, a thin film of titania was spun-cast from sol 1 and calcined at 450°C.   A second 
film of titania was deposited by first drop casting sol 2 on the substrate and then placing a 
flat PFPE membrane on top of the sol.  The substrate was held at elevated pressure and 
temperature for several hours, followed by PFPE membrane removal and 450°C 
calcination of the sample.  A SEM micrograph of the imprinted flat TiO2 film is shown in 
Figure 3.6.   After making nanostructured titania samples, a 100-nm-thick P3HT layer 
was spun-cast on top of the film and infiltrated around the features by heating the sample 
to 185°C for 8 min in a nitrogen environment.  According to previous studies by Coakley 
et al. the annealing procedure should be sufficient to infiltrate P3HT to the bottom of the 
pores.15,18  Figure 3.7 is a schematic representation of the device stack for a nanostructure 
device. 
 
 
 
 
a b
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Figure 3.6  SEM micrograph of a TiO2 film patterned using a flat PFPE mold for a control device. 
 
 
Figure 3.8 shows the I-V curves of the nanostructured titania devices along with 
the flat reference devices.  We observed that the incorporation of the interface modifier, 
Z907 (Figure 3.9 a), helped improve the JSC and VOC for both reference and 
nanostructured devices.  We attributed this enhancement to an improvement in exciton 
splitting at the interface.  The Z907 carboxylic acid groups are covalently bound to the 
titania surface and thus promote rapid forward electron transfer, while the long insulating 
alkyl side chains suppress charge recombination and promote wetting of the titania 
surface by the P3HT.32-36  Figure 3.9 (b) illustrates the energy level diagram for a surface-
modified TiO2 film.  The LUMO of Z907 aligns just in between the LUMO of the TiO2 
and P3HT, thus facilitating electron transfer from P3HT to TiO2.   
 
 
 
 
Figure 3.7  Schematic representation of the device stack for a nanostructured solar cell. 
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Figure 3.8  I-V curve of TiO2 devices. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9  (a) Chemical structure of the Z907 interfacial modifier and (b) energy level diagram for a 
surface modified TiO2 film. 
 
A summary of the device data can be found in Table 3.1.  When comparing 
devices that received the same interfacial treatments, nanostructuring of the titania 
increased the short circuit current (JSC) by two fold, while maintaining the open circuit 
voltage (VOC) relative to the flat film reference devices.  Upon nanostructuring, the JSC of 
the unmodified devices increased from 0.55 mA/cm2 to 1.12 mA/cm2, while for interface-
modified devices, the JSC increased from 0.80 mA/cm2 to 1.62 mA/cm2.  This doubling of 
JSC agreed well with simple calculations based on increasing the titania/P3HT interfacial 
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area for a hexagonal array of titania posts with dimensions of radius 10 nm, height 100 
nm, and periodicity of 60 nm.  In addition to increased exciton splitting resulting from the 
larger interfacial area, other factors could be influencing the photocurrent as well.  
Charge mobility in the polymer phase may be enhanced due to chain alignment in the 
nanoscale channels of the nanostructure titania, which would result in an increased JSC.  
The nanostructured device with interface modifier showed JSC = 1.62 mA/cm2, VOC = 
0.65 V, fill factor (FF) = 0.55, and overall efficiency of 0.6%, one of the highest 
efficiencies reported for nanoimprinted titania-P3HT solar cells. 
 Jsc 
(mA/cm2) 
Voc (V) FF efficiency 
(%) 
flat titania/P3HT 0.58 0.58 0.55 0.19 
nanostructured titania/P3HT 1.11 0.58 0.51 0.33 
flat titania + Z907/P3HT 0.83 0.64 0.58 0.31 
nanostructured titania + Z907/P3HT 1.73 0.65 0.55 0.61 
 
Table 3.1  Summary of PV device data with JSC (short circuit current), VOC (open voltage current), F.F. (fill 
factor), and efficiency. 
 
3.4  Conclusions 
We reported on the use of nanosphere lithography to make silicon master 
templates and the PRINT process to replicate the master template structures into anatase 
titania.  We fabricated ordered bulk heterojunction solar cells with nanostructured titania 
and P3HT.  Compared to a flat reference bilayer device, the short-circuit current was 
doubled upon nanostructuring, while the open-circuit voltage remained the same.  The 
nanostructured device with the Z907 interfacial modification led to a power conversion 
efficiency of 0.6%.  This work demonstrates the feasibility of fabricating nanostructured 
titania solar cells via the PRINT process, a potentially scalable route that is amenable to a 
wide variety of materials and processing conditions.  Additionally, further improvement 
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in PV device efficiency could result from using a master template with higher aspect 
ratios and closer feature spacing, and from infiltrating nanostructures with different 
materials such as low bandgap polymers.  
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Chapter 4 
 
 
 
 
 
 
 
Patterning CdSe Quantum Dots with the PRINT Technique 
“Reproduced in part with permission from Hampton, M. J.; Templeton, J. L.; DeSimone, 
J. M. Langmuir 2010, 26, 3012-3015.  Copyright 2010 American Chemical Society.” 
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4.1  Introduction 
Charge transport limitations in organic-based solar cells can be overcome by 
utilizing inorganic semiconductors.  In this case, charge transfer is favored between the 
high electron affinity inorganic semiconductors and the low ionization potential 
conjugated polymers.  While we previously investigated metal oxides as the inorganic 
component in hybrid PV devices, semiconducting QDs can also be utilized.1  The 
advantage of this approach is that by varying the size of the QD, the bandgap can be 
controlled.  Furthermore, the absorption coefficient of QDs is enhanced compared to the 
bulk material.2
Originally, the approach to synthesizing monodisperse, high crystallinity CdSe 
nanocrystals involved the use of dimethylcadmium as the cadmium precursor.
   
3,4  While 
this organometallic method provided a route for control over the size and shape of the 
resulting QDs, it also involved the use of the toxic, expensive, and dangerous reagent 
dimethylcadmium.  This organometallic material is unstable at room temperature and 
potentially explosive at higher temperatures, and such temperatures are required for QD 
synthesis.  Recently, alternative approaches have emerged that employ safe and 
inexpensive cadmium precursors and ligands.5  These one-pot synthetic routes typically 
use cadmium oxide (CdO) as the precursor and trioctylphosphine oxide (TOPO) as the 
stabilizing ligand and furthermore these routes retain the ability to tune the size and shape 
of the QDs.6
The assembly of colloidal QDs into large area, organized arrays can be used in a 
variety of applications including photonics,
 
7 light-emitting devices,8 and hybrid 
organic/inorganic solar cells.1  Recently, progress has been made towards the fabrication 
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of photovoltaic (PV) devices using a blend of CdSe QDs in a conjugated polymer matrix.  
These devices are typically fabricated by spin casting a solution of QDs and a conjugated 
polymer onto an electrode.  In these systems, light absorption by the conjugated polymer 
generates an excited state known as an exciton.  In order to obtain a charge separated 
state, the exciton must first diffuse to the polymer-QD interface.  An exciton can diffuse 
10 – 20 nm in conjugated polymer films before recombining.9  Due to these constraints, 
the ideal device architecture for these solar cells would consist of an interdigitated 
network of the donor and acceptor materials with dimensions that are on the length scale 
of exciton diffusion.  Electron transfer to the QD network follows charge separation; 
however, the overall efficiency of such devices remains low due to limited electron 
extraction through the QD network.10,11
a b c
100 nm
d
  
 
Figure 4.1  TEM images of CdSe QDs with the following shape: (a) sphereical12; (b) rod1; (c) tetrapod13, 
and (d) hyperbranched.14
 
 
Efficient electron extraction depends on reaching a percolation threshold such that 
long range connectivity exists between individual QDs within the polymer film.  By 
employing rod-shaped or tetrapod QDs, instead of spherical QDs, shown in Figure 4.1 (a 
– c), this threshold is more easily attained.  Sun and coworkers have demonstrated that 
once a percolation pathway has been created, an increase in electron transport 
perpendicular to the plane of the polymer film is observed, which leads to a measurable 
improvement in device performance.13,15  Additionally, hyperbranched nanocrystals, 
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shown in Figure 4.1 (d), have been incorporated into PV devices to improve electron 
extraction.  This approach creates a percolation pathway within the polymer film as each 
CdSe particle extends from the bottom to the top electrode; however, the performance of 
these devices is limited by the inability of the conjugated polymer film to penetrate into 
the dense branches of the nanocrystals.14  Another improvement in device performance 
was achieved by exchanging the surface ligand of the as-synthesized QDs, usually 
TOPO, with pyridine.  Replacement of TOPO is important because the long alkyl chain 
of the TOPO ligand can significantly decrease solar cell efficiencies by suppressing 
charge transfer between particles.12  In an attempt to improve the dispersion of CdSe QDs 
in the polymer film, more sophisticated approaches have also been taken.  For example, 
Liu and coworkers altered the end group functionality of a poly(thiophene) conjugated 
polymer so that rod shaped CdSe-pyridine QDs were significantly more dispersed in the 
polymer film.16  In another example, Sudeep and coworkers grafted an oligo(phenylene 
vinylene) ligand to CdSe QDs in order to achieve better dispersion in the neat phenylene 
vinylene polymer film.17
100 nm
a b
  
 
Figure 4.2  (a) TEM micrographs showing 20 nm PEO-covered CdSe nanorods in a cylindrical template18 
and (b) cathodoluminescence image of the surface of a nanoparticle-decorated breath-figure film.19
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 A variety of self assembly techniques have been employed to fabricate ordered 
arrays of QDs.  Water soluble poly(ethylene oxide) (PEO) functionalized CdSe nanorods 
will organize themselves in the pores or channels of a diblock copolymer template, 
shown in Figure 4.2 (a); however these arrays are not ideal for electronic applications due 
to the presence of both the insulating PEO surface ligands and the block copolymer 
film.18  CdSe QDs have also been incorporated into breath figures, a technique based on 
the phenomenon of water condensing into well-ordered arrays of droplets on a polymer 
film.19
 The assembly of QDs can also be achieved using top-down fabrication methods 
including Langmuir-Blodgett or microcontact printing.  The Langmuir-Blodgett 
technique produces QD monolayers using an extremely low throughput process that is 
not amenable to the large-scale fabrication required for PV applications.
  This methodology generates thin films of QD patterns, shown in Figure 4.2 (b), 
that are suitable for use in separation membrane and site-specific catalysis applications.  
20  Microcontact 
printing utilizes a poly(dimethylsiloxane) (PDMS) stamp for molding  and offers a more 
attractive methodology for fabricating solar cells based on the high speed and spatial 
resolution inherent to the process.21,22  Unfortunately, microcontact printing suffers from 
swelling and deformation of the PDMS stamp in the presence of many common organic 
solvents including hexanes, xylenes, toluene, chloroform, and benzene.23  In order to use 
these PDMS stamps for printing solutions of QDs, the mold is typically treated with an 
organic compound, such as Parylene-C, so that the surface is compatible with the QD 
solution.  These chemical compatibility issues can increase the complexity of the printing 
process and also place limitations on the solvent system that can be used, thus restricting 
the nature of the surface ligand on the QDs.   
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 Recently, PDMS molds and microcontact printing have been employed to 
generate CdSe QD patterns with dimensions of 150 nm or more.24,25  Shallcross and 
coworkers investigated the replication of transmission diffraction gratings in CdSe-TOPO 
QDs.  In this method, the ink consisted of a specific concentration of CdSe QDs in 
toluene and the PDMS molds were prepared from a variety of diffraction gratings, with 
the smallest feature size at ca. 160 nm, shown in Figure 4.3 (a – d).  While this work 
illustrates pattern replication in CdSe QDs, the resulting patterns do not have well defined 
edges and the use of PDMS limits the type of solvent that can be used for the ink.25  Kim 
et al. have also used PDMS molds to transfer QD patterns to a surface.  However, as 
illustrated in Figure 4.3 (e) and (f), the subsequent patterns are poorly defined.24
 
 
 
 
 
 
 
 
Figure 4.3  (a) – (d) Perspective (45°) FE-SEM of CdSe QD gratings prepared by microcontact molding 
from PDMS replicas made from increasing groove density master gratings (scale bar = 500 nm).25  (e) 
AFM image of a periodic array of 150 nm CdSe features formed by molding and (f) a high resolution AFM 
of the features formed in (e) which reveals a multilayer nature of the QD film.24
 
 
 Crosslinkable PFPEs can outperform PDMS in certain imprint lithography and 
micromolding techniques.26,27  PFPEs possess high solvent resistance and low surface 
energies (8-10 dynes cm-1) and are thus well suited to patterning a wide variety of 
materials.  Previously we have demonstrated the utility of PFPEs for molding metal oxide 
sol-gels for hybrid solar cells using the PRINT technique.28,29  Now, through the use of 
e
f
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the PRINT technique and PFPEs, we present for the first time the fabrication of sub-100 
nm patterned arrays of CdSe QDs using the PRINT process.30  These QDs possess 
pyridine surface ligands, making them attractive for use in solar cells. 
 
4.2  Experimental Section 
4.2.1  Materials and Characterization Techniques 
 Chemicals were obtained from commercial sources and used as received.  SEM 
images were obtained with a Hitachi S-4700 instrument.  Fluorescence images were 
obtained with a Zeiss Axioskop 2MAT incident light microscope fitted with an AxiCam 
MRM digital camera.  HR-TEM was obtained using a JEOL 2010F FasTEM with a 
zirconated tungsten thermal field emission tip. The scope is equipped with a 2K X 2K 
Gatan CCD bottom mount camera.  Thermogravimetric analysis (TGA) was performed 
using a Perkin-Elemer Pyris I TGA.  ATR-FTIR analyses were performed with a Tensor 
27 FTIR instrument (Bruker) using a Hyperion microscope fitted with an ATR objective 
with a Ge crystal as the internal reflectance element (IRE) and a MCT detector.  OPUS 
software was employed for data processing. 
 
4.2.2  Mold Fabrication 
4.2.2.1  Thick Molds 
A liquid PFPE precursor solution comprising either 1.5 kg mol-1 or 4.0 kg mol-1 
PFPE α,Ω-functionalized dimethacrylate and the photoinitiator 2,2-diethoxyacetophenone 
(0.1 weight %) was poured over a patterned master template.  The liquid precursor was 
then crosslinked using UV photoirradiation (λ = 365 nm) for 3 min under a constant 
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nitrogen purge.  The fully cured PFPE-DMA elastomeric mold was then released from 
the master template. 
 
4.2.2.2  Composite Molds 
 A thin film of a PFPE precursor solution comprised of 1.5 kg mol-1 PFPE α,Ω-
functionalized dimethacrylate and the photoinitiator 2,2-diethoxyacetophenone was 
deposited over a patterned master template using a thin film of poly(ethylene 
terephthalate) (PET) sheet to distribute a small volume of the PFPE-DMA.  The PET 
sheet was peeled away from the master and the liquid precursor was then partially 
crosslinked using UV photoirradiation (λ = 365 nm) for 2 min.  A thick film of a PFPE 
precursor solution comprised of 4.0 kg mol-1 PFPE α,Ω-functionalized dimethacrylate 
and the photoinitiator 2,2-diethoxyacetophenone was deposited on top of the thin film of 
1.5 kg mol-1 PFPE.  The liquid precursor was then crosslinked using UV photoirradiation 
(λ = 365 nm) for 3 min under a constant nitrogen purge.  The fully cured composite PFPE 
elastomeric mold was then released from the master template. 
 
4.2.2.3  Thin Molds 
 A thin film of a PFPE precursor solution comprised of 1.5 or 4.0 kg mol-1 PFPE 
α,Ω-functionalized dimethacrylate and the photoinitiator 2,2-diethoxyacetophenone was 
deposited over a patterned master template using a thin film of PET sheet to distribute a 
small volume of the PFPE-DMA.  The PET sheet was left on the PFPE-DMA film and 
the liquid precursor was then crosslinked using UV photoirradiation (λ = 365 nm).  The 
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fully cured thin film PFPE/PET backing layer mold was then released from the master 
template. 
 
4.2.3  CdSe QD Synthesis and Surface Ligand Exchange Reaction 
 CdSe QDs were synthesized via a CdO based route, similar to the method 
published by Qu and Peng.6  CdO (0.064 g, 0.50 mmol), stearic acid (0.57 g, 2.0 mmol), 
hexadecylamine (HDA) (5.0 g) and tri-n-octylphosphine oxide (TOPO) (5.0 g) were 
combined in a reaction vessel and heated to 320°C under argon.  Once this mixture 
turned clear, a solution of selenium (0.395 g, 5.0 mmol) in tributylphosphine (1.20 g) and 
octyldecylamine (4.0 g) was rapidly injected into the flask.  An immediate color change 
from clear to deep red occurred and the solution was held at 270°C for 2 min to allow for 
QD growth.  The solution was allowed to cool to room temperature and 20 mL of 
chloroform was added.  This solution was held at 4°C overnight in order to separate the 
CdSe from the excess ligand in solution.  The resulting insoluble portion was discarded 
and the CdSe QDs were precipitated with acetone and recovered via centrifugation.  This 
step was repeated twice.  The resulting orange-red precipitate was dissolved in hexanes 
and centrifuged to remove any remaining excess ligands.  A surface ligand exchange was 
performed to replace the TOPO/HDA ligands with pyridine.  The dried CdSe QDs were 
dissolved in anhydrous pyridine at 10 mg/mL and sonicated overnight at 75°C.  The 
resulting insoluble portion was discarded and the CdSe QDs were precipitated with 
hexanes and recovered via centrifugation.  The surface ligand exchange reaction was 
repeated in order to ensure surface coverage with pyridine.  The QDs were characterized 
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with UV-Vis absorption data, FT-IR spectroscopy data, TGA, and HR-TEM before and 
after ligand exchange. 
 
4.2.4  CdSe Patterning Procedures   
 CdSe patterns were generated by starting with a 15 w/w solution of the CdSe-
pyridine QDs in 4-picoline.  A #14 Mayer rod was used to draw a film from the CdSe 
solution on an ITO coated glass slide.  A previously patterned PFPE mold was then 
pressed into the film.  After heating the substrate and mold for 10 min at 85°C, the mold 
was peeled off the substrate, leaving an embossed film. 
 
4.2.5  PV Device Fabrication  
The ITO substrates were cleaned by sequential sonication in acetone, isopropanol, 
and DI H2O.  After drying the substrates at 110°C in air and UV-ozone cleaning them for 
15 min, a thin film of TiOx was deposited on the substrates by spin casting at 3000 rpm 
for 60 sec.  The TiOx sol-gel was synthesized using titanium isopropoxide (10 mL, 33.8 
mmol) and 2-methoxyethanol (50 mL) and ethanol amine (5 mL) as the solvent.  The 
reaction vessel was purged with nitrogen and fitted with a condenser.  The solution was 
heated to 80°C and held at that temperature for 2 hr, then heated to 120°C and held for 1 
hr.  This thermal cycle was repeated and then the reaction was cooled to room 
temperature.  The resulting sol-gel was filtered with a 0.2 µm PTFE filter and typically 
diluted by 80% (by volume) with IPA before use.  The spuncast films were oven-dried at 
150°C for 1 h and UV-ozone cleaned for 15 min.  A film of CdSe QDs was patterned on 
top of the TiOx film following procedures described in section 4.2.4 using either a PFPE 
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mold of a line grating master template or a flat Si wafer.  After the patterning step, the 
CdSe films were sonicated in H2O for 25 min and then dried with N2.  The samples were 
promptly transferred into a glove-box filled with nitrogen.  For both the nanostructured 
and flat reference devices, a P3HT film was spun-cast from o-dichlorobenzene on top of 
the CdSe films and melt-infiltrated by heating at 185°C in a glovebox for 8 min followed 
by slow cooling.  Reflective top electrodes consisting of a 100 nm layer of Al were then 
thermally evaporated under vacuum (at greater than 10-6 torr) on top of the polymer film.  
The use of shadow masks allowed us to fabricate eight 12-mm2 finger-like devices per 
substrate.  All subsequent device testing experiments were done in a nitrogen 
environment. 
 
4.3  Results and Discussion 
4.3.1  QD Synthesis and Characterization 
 The UV-Vis and photoluminescence spectra of the CdSe-TOPO and CdSe-
pyridine QDs in solution are shown in Figure 4.4.  The size of the QDs can be calculated 
based on the first absorption peak wavelength.31  The peak position of the CdSe-TOPO 
QDs is 530 nm, indicating an average QD diameter of 2.7 nm.  As shown in Figure 4.4, 
the surface ligand exchange reaction does not significantly affect the first absorption peak 
position.  Additionally, high resolution transmission electron microscopy (HR-TEM) can 
be used to image the individual QDs.  However, due to the small size of the QDs (less 
than 5 nm) used in this work, it is difficult to obtain high contrast images of the particles.  
The HR-TEM images in Figure 4.5 depict the CdSe QDs before (a) and after (b) the 
surface ligand exchange reaction.  From these images, we can calculate the diameter of 
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the QDs to be ca. 3 nm, which agrees with the first absorption peak wavelength 
calculations. 
 
 
 
 
 
 
Figure 4.4  UV-Vis and photoluminescence spectra (PL) of CdSe-TOPO and CdSe-pyridine in solution. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5  HR-TEM micrographs of CdSe QDs (a) with TOPO ligands and (b) pyridine ligands.  Scale 
bars are 5 nm. 
 
 The effectiveness of the surface ligand exchange reaction can be observed using 
thermogravimetric analysis (TGA) and ATR-IR spectroscopy.  TGA is used to measure 
the change in weight of a sample in relation to a change in temperature.  The as-
synthesized QDs have both TOPO (MW 386.63 g/mol) and HDA (MW 241.46 g/mol) as 
surface ligands; after the exchange reaction, it is expected that many of these ligands will 
be replaced with pyridine (MW 79.10 g/mol).  After a high temperature thermal treatment, 
a b
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the CdSe-TOPO/HDA QDs will experience a larger percentage of weight loss when 
compared to the CdSe-pyridine QDs based on the molecular weight of the respective 
ligands.  The TGA data in Figure 4.6 shows that the CdSe-TOPO/HDA QDs lose 40% of 
their original weight while the CdSe-pyridine QDs only lose 15% of their original weight.  
This data indicates that the surface ligand exchange reaction was successful in replacing 
TOPO/HDA with pyridine. 
 
 
 
 
 
 
Figure 4.6  TGA data showing surface ligand loss of CdSe-TOPO (red line) and CdSe-pyridine (blue line) 
after thermal treatment up to 600°C. 
   
 Furthermore, ATR-IR spectra, shown in Figure 4.7, indicate the presence of 
pyridine on the QD surface after the exchange reaction.  The peak at 3052 cm-1 results 
from C-H stretching of the aromatic ring, 2065 cm-1 results from C=N stretching, and the 
peak at 1620 cm-1 is from the aromatic C=C groups.  There are still some signals 
indicating the presence of TOPO or HDA surface ligands, including the C-H stretching 
from alkyl groups in the 2950 – 2800 cm-1 region.  Overall, this data indicates that a 
significant portion of the TOPO and HDA surface ligands were replaced with pyridine.  
Solvent compatibilities can also be used to determine surface ligand compositions.  For 
example, the as-synthesized QDs readily dissolve in chloroform and hexanes while the 
CdSe-pyridine QDs dissolve in pyridine and precipitate from hexanes.   
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Figure 4.7  ATR-IR spectra obtained from CdSe-TOPO (red line) and CdSe-pyridine (blue line) QDs.
 
4.3.2  QD Patterning with Feature Dimensions Greater than 100 nm 
 In order to generate a patterned array of QDs, a film was cast on an ITO electrode 
using a Mayer rod and a solution of CdSe QDs in 4-picoline.  A patterned PFPE mold 
was then placed on top of this liquid film and the solvent was evaporated at an elevated 
temperature.  Following the evaporation step, the mold was easily removed from the 
embossed CdSe film.  Prior to use, the PFPE mold is completely transparent and colorless 
and it remains this way even after patterning the distinctively red solution of CdSe QDs 
in 4-picoline.  This observation qualitatively indicates there is minimal absorption of the 
QD solution by the mold.  The ease of this patterning technique is due to the chemical 
inertness, high gas permeability, and low surface energy of the PFPE mold.  As the 4-
picoline solvent evaporates through the mold, the remaining solution becomes 
increasingly concentrated with QDs.  This concentrated solution fills the mold cavities 
due to capillary action.  The fidelity of the resulting pattern of QDs depends on the 
original solution concentration and the rate of solvent evaporation.  A solution with a QD 
concentration that is too low will incompletely fill the mold cavities and result in 
undersized or hollow features.  Figure 4.8 depicts this patterning result where it is 
apparent that the CdSe QD posts are void of material in the center of the patterned 
features. 
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Figure 4.8  SEM micrograph of hollow CdSe-pyridine patterns generated using a 200 x 200 nm mold. 
 
 The PRINT process enables pattern replication on both the micrometer and 
nanometer length scale.  Figure 4.9 (a) shows an SEM image and Figure 4.9 (b) a 
fluorescence image of embossed CdSe QDs on an ITO electrode.  Figure 4.10 
demonstrates a pattern where a cylindrical mold with a diameter of 200 nm and a height 
of 200 nm and a solution of CdSe-pyridine in 4-picoline were employed.  For the pattern 
in Figure 4.10, the film was embossed on a 6.25 cm2 ITO electrode and consisted of 
cylinders that were approximately 150 nm in diameter and 150 nm in height.  The 
reduction in feature size compared to the original mold dimensions indicates incomplete 
filling of the mold cavities.  In order to demonstrate the inertness of the PFPE mold, we 
have also patterned CdSe-TOPO QDs in both o-xylene and diethylbenzene solvents.  The 
SEM micrograph in Figure 4.11 (a) depicts a pattern made using a solution of CdSe-
TOPO in o-xylene and Figure 4.11 (b) depicts a pattern made using a solution of CdSe-
TOPO in diethylbenzene.  These results illustrate the inert nature of PFPE molds towards 
organic solvents and the inherent flexibility of the PRINT process for patterning materials.     
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Figure 4.9  (a) SEM and (b) fluorescence images of patterned CdSe QDs using a 3 µm x 3 µm x 0.75 µm 
mold.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10  SEM images of patterned CdSe QDs using a 200 nm x 200 nm cylindrical mold. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11  SEM micrograph of patterns made using a 200 x 200 nm mold and a solution of CdSe-TOPO 
QDs in (a) o-xylene and (b) diethylbenzene. 
 
 All of the patterning results reported to this point utilize PFPE molds that have a 
minimum thickness of 4 mm; however, in order to scale-up the PRINT process for large 
areas, molds that consist of a thin film of PFPE on a PET backing sheet are commonly 
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used.  Generally, this method for QD patterning gives the best results when an extremely 
flat mold is used.  It can be difficult to fabricate a thick PFPE mold with this high degree 
of flatness.  Thin molds, however, meet these demands more easily.  In addition to 
patterning CdSe-pyridine QDs using thick PFPE molds, we have also employed thin 
PFPE/PET sheet molds.  The patterning results from using these thin molds are shown in 
Figure 4.12 (a) and (b), where a direct comparison between a thick mold and a thin mold 
is made.  While both molds produce an adequate pattern in the QDs, the thin molds 
typically generate patterns with straight side walls and well defined edges.  These 
observations indicate the QD solution fills the thin mold cavities better than the thick 
mold cavities.  The process of filling the mold cavities results from capillary forces that 
draw the CdSe solution into the wells followed by solvent evaporation through the mold.  
It appears that thin molds are better suited to this patterning methodology. 
 
 
 
 
 
 
Figure 4.12  SEM micrographs of CdSe QDs patterned using (a) PFPE thick mold and (b) PFPE thin mold. 
 
 Previously, we have used PFPE-DMAs with different chain lengths in order to 
alter the modulus of the elastomeric mold.  Typically, 4.0 kg mol-1 PFPE-DMA was used 
to pattern low aspect ratio features that have dimensions greater than 200 nm while 1.0 or 
1.5 kg mol-1 PFPE-DMAs were used to pattern high aspect ratio features with sub-100 
nm dimensions.  For future PV applications, it is highly desirable to pattern small features 
a b
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with large aspect ratios in our materials.  Our initial efforts towards patterning CdSe QDs 
focused on 4.0 kg mol-1 PFPEs for the mold.  However, we have now found that both of 
the 1.5 and 4.0 kg mol-1 PFPE-DMA molds produce high fidelity patterns in CdSe QDs, 
as shown in Figure 4.13 (a) and (b).   This observation indicates the potential for sub-100 
nm pattern replication in CdSe QDs. 
 
 
 
 
 
 
Figure 4.13  SEM micrographs of QDs patterned using (a) 4.0 kg mol-1 PFPE thin mold and (b) 1.5 kg mol-
1 PFPE thin mold. 
 
4.3.3  Sub-100 nm QD Patterning 
 We have also investigated sub-100 nm QD patterning using master templates 
available in our laboratory.  Due to our previous success in replicating the NSL master in 
anatase TiO2 (Chapter 2), we utilized this master for patterning CdSe-pyridine QDs as 
well, and the results are shown in Figure 4.14 (a) and (b).  From the top-down SEM 
image in Figure 4.14 (a), feature dimensions below 30 nm can be observed.  While these 
results show promise for PV applications, the disordered nature of these master templates 
do not make them ideal candidates for fabricating solar cells.  The pattern density varies 
across the master surface on a micron length scale, making it difficult to obtain large 
areas PV devices for testing purposes.  We also have access to a line grating master 
template fabricated at ORNL by Dr. Retterer.  The lines in this master are 60 nm wide, 
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separated by 60 nm, and 100 nm in height.  Pattern replication using these masters was 
investigated with 1.5 kg mol-1 PFPE molds that were thick, thin, or composite in nature.  
A composite mold utilizes a thin film of higher modulus PFPE with a thick backing of 
lower modulus PFPE.  This mold construction provides a greater amount of mold 
flexibility without sacrificing pattern resolution.  However, as shown in Figure 4.15 
where the line spacings are ca. 120 nm, namely twice as wide as expected, these efforts 
were plagued with issues of line collapse of the mold.  The methodology used to pattern 
QDs relies on evaporation of the solvent through the mold.  It appears that this process 
tends to result in line collapse of this mold, despite changing the modulus or surface 
energy of the mold material.   
 
 
 
 
 
 
Figure 4.14  (a) top down SEM micrograph and (b) cross section SEM micrograph of CdSe patterns 
generated from a NSL master template.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.15  SEM micrographs of CdSe patterns generated from a line grating master with lines that are 60 
nm in width, 100 nm in height, and spaced by 60 nm.  The CdSe patterns reflect a line collapsed mold 
where the line spacings are now ca. 120 nm. 
a b
 106 
 In order to avoid issues of line collapse, the line grating master templates with 
aspect ratios of 1 or less were used.  The patterns shown in Figure 4.16 were generated 
from a mold of a diffraction grating that has a 150 nm pitch and is 45 nm in height (Fig. 
4.16 a and b) and one with a 180 nm pitch that is 90 nm in height (Fig. 4.16 c and d).  
The feature dimensions of these patterns, all sub-100 nm, accurately reflect the original 
master template.  It should be noted that the SEM micrographs in Figure 4.16 show 
surface texture that is from the metal sputtered on the sample for imaging purposes and 
does not arise from aggregates of the CdSe QDs.   
 
 
 
 
 
 
 
 
 
 
 
Figure 4.16  SEM images of patterned CdSe QDs from a diffraction grating with (a) and (b) a 150 nm pitch 
and 45 nm height and (c) and (d) a 180 nm pitch and 90 nm height. 
 
4.3.4  Surface Properties of Patterned QD Arrays 
 Before patterned CdSe arrays can be used in hybrid PV devices, the QD patterns 
must be coated with a conjugated polymer film.  Previously, we utilized a melt 
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infiltration technique to coat patterned anatase TiO2 features with P3HT.  In that process, 
a 1 wt % solution of P3HT in dichlorobenzene was spun cast on top of the patterned TiO2.  
The sample was then heated to 185°C to promote conformal contact of the patterns and 
the polymer film.  When this process was attempted on patterned CdSe QDs, film 
formation failed entirely.  The P3HT/dichlorobenzene solution would not wet the QDs 
surface and so a continuous film was not formed over the patterns.  An example of this 
result, both macroscopically and microscopically, is shown in Figure 4.17 where the 
CdSe patterns were generated using a 200 x 200 nm cylindrical mold.  It is important to 
note that in order to generate the anatase TiO2 films, the patterned xero-gel was calcined 
at 450°C, a thermal treatment that would remove any organic component from the titania 
film.  It appears that some contaminant, most likely a fluorinated moiety from the PFPE 
film, has been transferred to the pattern surface. 
 
 
 
 
 
 
 
Figure 4.17.  Photograph and SEM micrograph of a patterned CdSe array with a failed attempt at depositing 
a P3HT film over the features. 
 
 Previous efforts in our laboratory group have indicated that some of the surface 
contaminant from contact with the PFPE mold can be reduced by sonication in H2O.  
Sonication of the patterned CdSe arrays in H2O for 30 min did not degrade the pattern 
fidelity, as shown in Figure 4.18 where (a) and (b) depict an array before sonication and 
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(c) and (d) show that same array after 20 min sonication in H2O.  In order to assess the 
effect of sonicating, PFPE patterned CdSe films were sonicated for varying lengths of 
time in H2O and films of P3HT in diclorobenzene were spuncast on top of the QDs.  As 
shown in the photographs in Figure 4.19, the film quality is greatly enhanced by longer 
sonication times.  The conformal coating of the CdSe features by the P3HT film is 
demonstrated in Figure 4.20, where the pattern was sonicated in H2O for 20 min. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.18  A CdSe array patterned with a 200 x 200 nm PFPE mold (a) and (b) before sonication and (c) 
and (d) after 20 min sonication in H2O. 
 
 
 
 
Figure 4.19  Photographs of pattered QD arrays that were sonicated in H2O for different lengths of time and 
the resulting P3HT film formation on those arrays. 
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Figure 4.20  SEM micrographs of a patterned CdSe array that was sonicated in H2O for 20 mins before a 
film of P3HT was spuncast on top of the features and melt infiltrated to obtain conformal coating of the 
pattern. 
 
 A more quantitative assessment of the patterned CdSe surface can be achieved 
using both static contact angle measurements and X-ray Photoelectron Spectroscopy 
(XPS).  Contact angle data was collected on flat CdSe films using dichlorobenzene as the 
solvent.  Flat CdSe films were used instead of patterned films in order to decrease the 
impact of surface roughness on the measured contact angles.  The contact angle data is 
summarized in Figure 4.21, where the CdSe film drawn with a Mayer rod, hence no 
PFPE exposure, exhibited a static contact angle of 14.6 ± 1.6°, indicating good wetting of 
the dichlorobenzene to the CdSe film.  After patterning a CdSe solution with a flat PFPE 
mold, the contact angle increases to 68.6 ± 0.8°, a sign that the solvent is no longer 
wetting the film adequately.  Sonicating the PFPE patterned CdSe film in H2O decreases 
the contact angle by 23.8° to 44.8 ± 3.9°.  Note that simply washing the CdSe film with 
H2O has no impact on the measured contact angle.  These results indicate that sonication 
of the patterned CdSe arrays does decrease the amount of the surface contaminant.  
Furthermore, XPS can also be used to analyze surface composition.  The data in Table 
4.1, taken from flat CdSe films indicates that the amount of fluorine on the CdSe surface 
increases dramatically after exposure to a PFPE mold.  Similar to the contact angle data, 
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the XPS data also shows the amount of surface fluorine decreases after sonication in H2O.  
These results indicate that before a continuous polymer film can be deposited on top of a 
patterned QD array, the sample must first be sonicated in H2O for a minimum of 20 min. 
 
 
Figure 4.21  Contact angle data for CdSe films using dichlorobenze as the solvent. 
 
 
 
 
 
 
 
 
 
 
Table 4.1  XPS data for CdSe films. 
 
4.3.5  Prelimary PV Data 
 Solar cells were fabricated using the CdSe line patterns described above.  The 
ITO electrode was first coated with a thin film of TiOx, which serves as a functional 
interfacial layer that blocks holes from accessing the ITO electrode.  Additionally, the 
TiOx layer prevents the conjugated polymer film from contacting the cathode through 
cracks in the CdSe layer, which would cause the device to short.  By sonicating the CdSe 
patterns in H2O for 25 min, a P3HT film was readily deposited over the CdSe lines using 
spincasting techniques.  SEM images in Figure 4.22 show both the 45 nm and 80 nm 
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height CdSe lines conformally coated with a P3HT film.  Finally, eight 12 mm2 finger-
like Al electrodes were vacuum deposited on top of the P3HT film using a shadow mask.  
Preliminary data collected from these devices did not exhibit PV characteristics; instead, 
the devices performed as resistors where a linear relationship existed between the applied 
voltage and the resulting electrical current.  It appears that engineering of the various 
architectural layers in the device is required in order to obtain more encouraging PV data.  
These issues are addressed further in the final chapter of this work, where different 
approaches to device design are articulated. 
 
 
 
 
 
 
 
 
Figure 4.22  SEM micrographs of patterned CdSe QD lines conformally coated with a thin film of P3HT, 
where the patterns where generated from a master with lines of (a) and (b) 150 nm pitch and 45 nm height 
and (c) and (d) 180 nm pitch and 90 nm height. 
 
4.4  Conclusions 
 We have demonstrated successful patterning of CdSe QDs using the PRINT 
technique.  Pattern replication of sub-micron, and more significantly, sub-100 nm feature 
sizes has been achieved.  Additionally, due to the chemical inertness of the PFPE molds, 
we have not been limited in our choice of surface ligands or solvents for the QD solutions.  
We have established sonication in H2O as a satisfactory method for preparing sample 
a c
b d
 112 
surfaces for solution deposition of P3HT films.  As a result, the patterned QD arrays have 
the potential to be used in a variety of electronic applications.   
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Fabrication of SERS Templates Using the PRINT Process 
“Reproduced in part with permission from Alexander, K. D.; Hampton, M. J.; Zhang, S. 
P.; Dhawan, A.; Xu, H. X.; Lopez, R. J. Raman Spectrosc. 2009, 40, 2171-2175.  
Copyright 2009 Wiley.” 
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5.1  Introduction 
 In addition to OPVs, numerous applications can also benefit from the ability to 
precisely control the size, shape, and composition of an array of nanostructures.  
Specifically, surface-enhanced Raman spectroscopy (SERS) has emerged as a field where 
the fabrication of such an array allows for more reliable data to be obtained.1-3  In SERS, 
the Raman scattering from a molecule can be dramatically enhanced, typically as a result 
of that molecule’s location on a metal surface.4   The signal augmentation in SERS results 
from two distinct contributions: an electromagnetic (EM) mechanism and a chemical 
mechanism related to charge transfer (CT).1,5  In the latter mechanism, it is believed that 
the metal aids in CT excitations between the HOMO and LUMO of the molecule where 
the Fermi level of the metal must lie between the HOMO and LUMO, thus allowing CT 
processes to occur at half the energy of the typical excitation.  The more dominant 
mechanism, EM, describes the surface electron movement in the substrate.  As a result, 
the effect of EM is fairly uniform across all types of molecules and can be tuned by 
modifying the substrate being used for SERS.  Typically, the enhancement factor (EF) of 
a substrate is reported, which is a measure of the ability of the substrate to enhance the 
weak Raman signal from the molecule being analyzed.1 
 A number of requirements exist for an ideal SERS substrate.3  First, the substrate 
should allow for control of both particle size and interparticle spacing of nanoparticles.  
The substrate needs to be uniform so that the measured EF has little variation across the 
sample.  Additionally, it is important that the substrate itself be stable over time such that 
the measured EF is maintained after storage.  Furthermore, the substrate should be free of 
contaminants so that it can be used to study weak signals or unknown samples.  A variety 
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of methods for preparing SERs substrates exist in the literature where initial studies 
utilized simple roughened metal surfaces or chemical synthesis techniques for producing 
well-dispersed nanoparticles.4,6,7  More sophisticated methods have emerged recently for 
fabricating highly ordered SERS substrates.  These techniques include chemical assembly, 
Langmuir-Blodgett,8 anodized aluminum oxide templates,9 nanosphere lithography,10,11  
and nanolithography/nanoimprinting.12  Through the development of these methods, it 
has been possible to identify dimer structures that are a significant contributor to the 
generation of high EM fields that produce SERS hotspots, as shown in Figure 5.1.4-6  
Therefore, if more regular dimers could be fabricated in a reproducible fashion, then their 
SERS activity could be better investigated. 
 
 
 
 
 
 
Figure 5.1  EM enhancement factor at a cross section through three different silver particle configurations.  
The wavelength of the incident field is λ = 514.5 nm with vertical polarization.  The EM enhancement is 
shown for a dimer configuration of two spheres with a separation of (a) 1 nm and (b) 5.5 nm and for (c) the 
case of an isolated single particle.  Particle diameters are all 90 nm.  The color scale from dark blue to dark 
red is logarithmic, covering the interval 100<MEM<108.5   
 
 Cui and co-workers have developed a scheme where capillary forces are used to 
assemble nanoparticles at precise locations.13  In this approach, electron beam 
lithography is first used to define either holes or trenches in a flat substrate.  Then the 
patterned substrate is vertically suspended in a solution containing the desired 
nanoparticles.  As the solvent evaporates, a three-phase contact line moves slowly across 
the substrate.  If the thickness of the solution film on the patterned substrate is less than 
a
c
b
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the height of the nanoparticles, then the resulting capillary force will compel the 
nanoparticles to fill the lithographically defined holes or trenches while leaving the 
surrounding areas free of nanoparticles.  This process is depicted in Figure 5.2 (A) and 
examples of the deposited nanoparticles are shown in Figure 5.2 (B) – (I).   
 
Figure 5.2  (A) Schematic diagram illustrating the capillary force (Fc) assembly mechanism as the vapor-
suspension-substrate three-phase contact line.  (Inset) Moving of the three-phase contact line is driven by 
evaporation under house vacuum or by heating the solution to ~60°C.  (B) SEM images of 50 nm diameter 
Au nanoparticles forming arrays on a hole template substrate.  (Inset) White-light scattering image of 
arrays of single 60 nm Ag nanoparticles.  (C) Collection of SEM images of 50 nm particles in holes with 
different diameters.  (D – I) SEM images of 50 nm Au nanoparticles in trenches with different widths or 
orientations.  Scale bar: (B) 10 µm, (C) 500 nm, (D, E, H, I) 200 nm, (F) 400 nm, and (G) 2 µm. 
 
 The methodology described above offers the potential to obtain an ideal SERS 
substrate where nanoparticle dimers could be acquired using different sizes of both the 
nanoparticles in solution and the holes in the substrate.  One drawback to this process is 
that electron beam lithography is not suited to patterning features over a surface area 
larger than a few hundred square microns.  However, the PRINT technique is a scalable 
method that is amenable to large area patterning.  In collaboration with Professor Lopez 
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in the Physics department at UNC, we present the application of the PRINT process for 
the fabrication of large area arrays of SERS templates and the resulting EF measured 
using gold nanoparticles and thiophenol as the analyte molecule. 
 
5.2  Experimental 
5.2.1  Materials and Characterization 
 All materials were obtained from commercial sources.  SEM micrographs were 
obtained with a Hitachi S-4700 instrument.  
 
5.2.2  Fabrication of Si Substrate 
To create our templates, a silicon wafer with a 300 nm thick film of SiO2 was 
used.  A 100 nm thick film of poly(lactic-co-glycolic acid) (PLGA) was deposited on the 
wafer by spincasting a 2 wt % solution of PLGA in acetone at 2000 rpm for 60 sec.  A 
liquid PFPE precursor solution comprising 4.0 kg mol-1 PFPE α,Ω-functionalized 
dimethacrylate and the photoinitiator 2,2-diethoxyacetophenone (0.1 weight %) was 
poured over a 200 nm by 600 nm cylindrically patterned master template.  The liquid 
precursor was then crosslinked using UV photoirradiation (λ = 365 nm) for 3 min under a 
constant nitrogen purge.  The fully cured PFPE-DMA elastomeric mold was then 
released from the master template.  A hot plate was set to 90°C and the Si wafer with 
PLGA film was heated for 1 min before use.  The PFPE mold was then thermally 
laminated to the PLGA coated Si wafer using a heated laminator set at 19 V for heat and 
9.5 V for speed.  The lamination step was repeated two more times, without removing the 
mold from the Si wafer, to ensure efficient pattern transfer.  After cooling to room 
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temperature, the PFPE mold was rapidly but steadily peeled away from the Si wafer, 
leaving a patterned array of PLGA posts on the surface.   
The patterned substrate was then placed in a reactive ion etcher (RIE) and 
directionally etched for 45 s to remove the thin film of PLGA on the Si wafer surface.  
Next, 20 nm of Cr was deposited on the PLGA posts using electron beam evaporation.  
The sample was then sonicated in acetone for 1 hr to remove the PLGA posts and expose 
the SiO2 film on the wafer surface.  This process created an array of circles masked by Cr.  
The substrate was then placed in the RIE for 90 sec to create 100 nm deep pits in the 
unmasked SiO2.  After the dry etch, the Cr mask was removed using CR-14 chrome etch 
(Transene) and then rinsed in a 2% sulfuric acid solution to remove precipitates from the 
chrome etchant.  AFM measurements confirm the final product as an array of 120 nm 
wide by 100 nm deep holes with a center-to-center spacing of 350 nm. 
 
5.2.3  Deposition of Au Nanoparticles on Si Substrate 
 The Au nanoparticles are positioned in the array of holes by a meniscus force 
deposition method.13  To achieve this, a piece of the patterned substrate was subjected to 
a brief plasma treatment to make the surface hydrophilic and then immersed in an 
aqueous Au nanoparticle colloid solution.  The colloid solution was allowed to evaporate 
in a temperature-controlled environment and the nanoparticles were deposited into the 
patterned holes.  The nanoparticles were encased in a monolayer of sodium citrate, the 
surfactant in the solution that prevents nanoparticle aggregation.  The arrays were 
immersed in a 0.1 mM solution of thiophenol in ethanol for 24 h in order to form a 
monolayer on the gold surface.  When the substrate was removed and allowed to dry, 
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dimers remained with several thiophenol molecules serving as the spacing agents in the 
interstitial gap. 
 
5.2.4  SERS Measurments 
 The presence of the thiophenol molecules was confirmed using Raman 
measurements.  Raman spectra of individual dimers were taken using a modified 
confocal microscope outfitted with a flat scanning stage (Nanonics) and connected to a 
linearly polarized 500:1 (632.8 nm) continuous wave (cw) He-Ne laser via a polarization 
preserving, single-mode fiber optic cable.  In the microscope, the beam underwent a 
collimated path and passed through a high-quality line filter and a λ/2 wave plate which 
was used to rotate the beam polarization.  The laser was directed to the 150x microscope 
objective by a beam-splitting cube which also redirects the collected Raman signal to 
pass a Raman edge filter prior to being collected by a 100 µm multimode fiber and 
transmitted to a spectrometer equipped with a low-noise charge-coupled device (CCD) 
detector.  All optics, including the beam-splitting cube, collimators, fiber optics, line and 
edge filters, and lenses inside the microscope were nonpolarizing.  Power delivered to the 
sample across all polarizations was confirmed to be uniform within a 3% margin.  A 
diffraction-limited 300 nm laser spot size was verified by imaging calibration grids of 
feature sizes above, below, and at the 300 nm limit.  Preliminary tests indicated that 
without sufficient filtering, persistent exposure to the laser beam caused the thiophenol 
monolayer, and consequently the Raman signal, to rapidly degrade.  To avoid thermal 
ablation of the monolayer over the measurements taken of each dimer, we monitored the 
stability of the Raman signal over a range of beam powers and exposure times.  These 
 122 
tests determined that the combination of a 65 µW laser power delivered on the sample 
with a 5 min acquisition time yielded sufficiently well defined and stable spectra. 
 
5.3  Results and Discussion 
5.3.1  Substrate Fabrication 
 The PRINT technique is a versatile fabrication methodology that can be used to 
generate nanostructures across large surface areas.  In order to generate a SERS template, 
where all steps of the fabrication process are shown in Figure 5.3, we employed the 
PRINT process to obtain a mask for etching purposes.  Ideally we would have patterned 
an array of PLGA posts on the SiO2 surface with no interconnecting flash layer.  
However, the melt technique used to fill the PFPE mold and harvest the subsequent 
pattern is designed for nanoparticle fabrication where isolated particles are harvested on a 
flexible PET sheet instead of a rigid Si wafer.  This process allows for easy transfer of the 
particles out of the mold and onto the PET sheet.  When we attempted to repeat these 
procedures using a Si wafer as the harvesting layer, transfer of the PLGA particles out of 
the mold did not occur, most likely a result of the inflexible nature of the wafer.  
However, when a thin film of PLGA was first deposited onto of the wafer, Step 1 in 
Figure 5.3, a PFPE mold could be used to simply emboss the PLGA film, Step 2 in 
Figure 5.3.  The patterned PLGA posts are shown in Figure 5.4 (a). 
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Figure 5.3  Schematic illustration of the fabrication steps for the SERS template. 
 
 Fabrication steps 3-7 (Figure 5.3) were performed by one of Professor Lopez’s 
graduate students using the equipment available at SMIF (Duke University).  The PLGA 
flash layer must be removed before the Cr etch mask can be deposited.  We specifically 
chose to pattern high aspect ratio PLGA particles so that a short RIE would remove the 
entire flash layer without completely destroying the PLGA pattern.  By using the 200 x 
600 nm cylindrical posts, the patterned features were reduced in height and width after 
the RIE, but small PLGA posts still remained on the SiO2 surface.  The following Cr 
evaporation covered the lateral surface area of the sample, as well as the sides of the 
posts; however, pinholes were present in the Cr film that left some of the PLGA exposed.  
Sonication in acetone readily dissolves PLGA, thus this treatment removed the posts 
from the surface, leaving a Cr etch mask with periodic holes, shown in Figure 5.4 (b).  A 
short RIE then adds depth to the holes in the Cr surface.  The etch mask can then be 
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removed following standard procedures, which leaves a SiO2 surface with holes that are 
ca. 100 nm in depth and 120 nm in width, as confirmed by the AFM data in Figure 5.4 (c).   
 
 
 
 
Figure 5.4  SEM micrograph of (a) embossed PLGA posts using a 200 x 600 nm PFPE mold and (b) Cr 
etch mask after sonication to remove the PLGA posts.  (c) AFM data of the final SERS template. 
 
5.3.2  Nanoparticle Deposition 
 Meniscus force deposition is an attractive methodology for fabricating large area, 
ordered arrays of nanoparticles on a surface.13  By controlling the solution concentration 
and rate of evaporation, nanoparticles will be forced into the defined holes in the 
substrate surface as a result of capillary fill.  By using a specific size of nanoparticles and 
holes sizes, the number of particles in a well can be controlled.  In this work, performed 
by Professor Lopez’s student, 60 nm Au nanoparticles and 120 nm wide holes were used, 
which results in the preferred formation of dimers inside each well, as shown in Figure 
5.5.  The gold colloid solution used for the evaporation step also contains sodium citrate, 
a surfactant that prevents nanoparticle aggregation from occurring.  However, after the 
evaporation step, the citrate molecule acts as a spacer that prevents the Au nanoparticles 
from touching.  In order to both control and modify the spacing between nanoparticles, 
the citrate molecule must be replaced with another rigid molecule.  Thiophenol was 
chosen because the high gold affinity of the SH end groups allows the molecule to easily 
displace citrate.  Additionally, thiophenol contains a benzene ring which has a large 
Raman cross section, making it easy to detect in low concentrations. 
a b c
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Figure 5.5  (a) and (b) SEM micrographs at different magnifications of Au nanoparticles in SERS template. 
 
5.3.3  SERS Measurements 
 Raman spectra of gold dimers were obtained by our collaborators in the Lopez 
laboratory.14  A strong polarization dependence is the clearest indication of an active 
SERS hot spot.  This is rooted in the fact that when metal nanoparticles are brought close 
together and illuminated with light of the correct wavelength, the resulting plasmon 
dipole modes can couple via near-field interaction.  This coupling gives rise to SERS 
enhancements which peak in the hot spot when the excitation source is polarized parallel 
to the dimer axis and, likewise, reaches a minimum when the polarization if rotated 90°.  
In our study, the spectra were taken while varying the polarization of the incident beam 
through a range of 90° relative to the dimer axis.  Because the orientation of the dimers is 
predetermined by the evaporation step, measurements through this full range were 
performed only for a small number of clusters.  Most of the dimers were measured within 
a 10° range around the two dimer axes.  In this study, we found that Raman peaks 
measured when the incident beam was polarized in the parallel orientation were two 
orders of magnitude taller than peaks measured when the beam was polarized in the 
perpendicular orientation, as shown in Figure 5.6 (a).  This polarization contrast supports 
 126 
the hypothesis that hot spots exist between nanoparticles in these arrays.  Also, we 
measured the surface-averaged Raman enhancement over the surface of two 60 nm Au 
spheres with interparticle spacings of 0.75, 1.5, 3.0, and 4.5 nm.  As expected, smaller 
interparticle spacings resulted in higher signal enhancement, Figure 5.6 (b). 
 
 
 
 
 
 
Figure 5.6  (a) Thiophenol Raman lines measured from a single gold dimer with incident light polarizations 
parallel (red line) and perpendicular (blue line) to the dimer axis.  These traces are representative of the 
largest enhancements we achieved in this experiment.  (b) Surface-averaged Raman enhancement over the 
surface of two 60 nm gold spheres over a range of spacings. 
 
 Additionally, the peak heights in the cross-polarization measurements were within 
a factor of two of the peak heights for isolated nanoparticles.  This data confirms, along 
with the polarization contrast data, that most of the enhanced Raman signal comes from a 
small and highly localized area.  By calculating this small area and attributing the 
difference in Raman signal between the two polarization states to the few molecules 
located there, we were able to estimate the enhancement factor for the hot spot.  
Specifically, we measured the Raman signal from bulk thiophenol in a solution of known 
concentration and compared the per-molecule signal strength with the per-molecule 
signal strength at the hot spot.  Ultimately, we arrived at a range of 108 – 109 for the EF 
relative to the signal from bulk thiophenol.  For cross-polarization measurements, the EF 
resulted in 103 – 104 and was calculated in the same way.  These measurements compare 
a b
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well with those of single gold nanoparticles and confirm that the multiparticle 
enhancement is not simply the sum of individual particle contributions. 
 
5.4  Conclusions 
 We have demonstrated an inexpensive and reproducible method for the 
fabrication of a SERS template using the PRINT process.  These templates, together with 
a meniscus force deposition method and molecular spacers, provided arrays of regularly 
spaced nanoclusters with a small interstitial gap.  Subsequent Raman measurements made 
on well-aligned individual dimers demonstrated EFs as large as 109 and polarization 
dependence consistent with the existence of SERS hot spots.  Furthermore, we 
demonstrated smaller interparticle spacing results in higher signal enhancement. 
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Chapter 6 
 
 
 
 
 
 
 
Far-Field Superlens Fabrication Using the PRINT Process 
“Reproduced in part with permission from Ray, E. A.; Hampton, M. J.; Lopez, R.  
Opt. Lett. 2009, 34, 2048-2050.  Copyright 2009 Optical Society of America.” 
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6.1  Introduction 
 Recently, Pendry proposed the existence of a superlens, an optical imaging 
system that directly images subwavelength structures.1  A far-field superlens (FSL), 
shown in Figure 6.1, enhances evanescent waves by resonantly coupling the waves to 
surface plasmons and decodes their information through conversion into propagating 
channels.2  A perfect image can be obtained from this enhancement process.3,4   
 
 
 
 
 
 
 
 
 
Figure 6.1  The schematics of a FSL.  The evanescent waves are enhanced in the metal layer, owing to their 
resonant coupling to surface plasmons, and then scattered into the propagating band by the subwavelength 
grating at the top surface.5 
 
 A FSL, shown in Figure 6.2, which imprints subwavelength information onto the 
propagating waves has been recently fabricated by Liu and co-workers.5  This FSL 
utilizes two layers of periodic silver corrugations, each with a height of 55 nm and 
periodicity of 150 nm where the two layers are offset by half a period.  The FSL is 
deposited on top of an object, in this case chromium nanowires that form a pair of lines.  
The evanescent field generated from this object couples to the surface plasmons 
supported by the superlens, which results in a field enhancement.  This enhanced signal is 
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scattered by the periodic silver corrugations, which have a designed period such that a 
propagating wave is formed that can reach the far field.  In this example, two 50 nm wide 
chromium lines that are separated by 70 nm have been imaged with the FSL.  As 
demonstrated in Figure 6.3 (a) – (c), optical imaging fails to resolve the two lines, as does 
imaging with s-polarized light, because these methods fail to couple to the surface 
plasmons.  However, with p-polarization, maximum coupling is achieved and the lines 
can be clearly imaged, shown in Figure 6.3 (d). 
 
 
 
 
 
Figure 6.2  Schematic of a silver FSL and a chromium object fabricated on a quartz substrate.  The 
computationally optimized geometry of the FSL is a = 35 nm, b = d = 55 nm, c = 100 nm, e = 45 nm, and f 
= 105 nm.5 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.3  Far-field imaging of a pair of chromium nanowires.  (a) SEM image of an object nanowire pair 
with a 50 nm wide slit and 70 nm gap inscribed by FIB on a 40 nm thick Cr film on the quartz substrate.  
(b) Diffraction-limited image from a conventional optical microscope cannot resolve the two nanowires.  
(c) Reconstructed FSL images using the s-polarization is diffraction limited due to the lack of surface 
plasmon assisted evanescent enhancement.  (d) FSL image combining both s and p polarizations that 
resolves the subdiffraction objects due to strong evanescent enhancement via surface plasmon excitation at 
the FSL.  Scale bars are all 200 nm.5 
 
 The FSL described above offers the potential to image subwavelength structures; 
however, the method for fabricating the object and FSL is not ideal.  The chromium lines 
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were generated by first depositing a chrome film with e-beam evaporation and then 
etching the lines using focused ion beam (FIB).  As a result of using FIB, the object size 
was limited to 14 x 14 µm.  A PMMA film was spuncast over the chromium lines and 
plasma etched to reduce the film thickness.  The FSL was fabricated in two steps, where a 
silver film was first deposited on top of the PMMA and then the grating portion was 
generated.  In order to obtain the gratings, E-beam lithography was used to pattern and 
develop the lines in PMMA, also limiting the overall size of the FSL.    The PRINT 
process, which is well suited to generating patterns over large surface areas, offers an 
alternative method for fabricating FSLs.  In this work, we utilize the PRINT technique for 
the fabrication of both the object to be imaged and the FSL. 
 
6.2  Experimental 
6.2.1  Materials and Characterization 
 All materials were purchased from Aldrich and used as received.  Metal-dielectric 
layers were deposited using a pulsed laser deposition (PLD) system.  SEM micrographs 
were obtained with a Hitachi S-4700 instrument. 
 
6.2.2  Fabrication of Metamaterial Diffraction Grating Device 
The device was fabricated by first depositing five pairs of alternating layers of 20 
nm Ag and 100 nm Al2O3 via PLD with a KrF excimer laser operating at a wavelength of 
248 nm and pulse energy of 300 mJ (pulse fluence ~1 mJ/cm2), and at 40 Hz onto a glass 
substrate.  A liquid PFPE precursor solution comprising 4.0 kg mol-1 PFPE α,Ω-
functionalized dimethacrylate and the photoinitiator 2,2-diethoxyacetophenone 
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(0.1 weight %) was poured over a master template consisting of a blazed diffraction 
grating with 830 nm periodicity and 196 nm height.  The liquid precursor was then 
crosslinked using UV photoirradiation (λ = 365 nm) for 3 min under a constant nitrogen 
purge.  The fully cured PFPE-DMA elastomeric mold was then released from the master 
template.  The pattern was replicated by first spincasting a thin film from a 4% PMMA 
(MW 350,000 g/mol) in anisole solution on the substrate.  The PFPE mold was brought 
into contact with the PMMA film using a vice.  The sample was heated to 185°C, left at 
that temperature for 1 hr, and then allowed to cool to room temperature.  The mold was 
carefully peeled away from the substrate, leaving the patterned PMMA film intact on the 
substrate. 
 
6.2.3  FSL and Object Fabrication 
 The FSL grating portion was first fabricated using titania sol-gel chemistry.  To 
make the titania sol-gel, titanium butoxide (10.0 g, 29.4 mmol) was combined with 
acetylacetone (6.80 g, 68.0 mmol).  After 15 minutes of stirring, 2-propanol (8.0 mL) was 
added to the solution.  Glacial acetic acid (0.252 g, 4.19 mmol) was added dropwise to 
the stirring solution.  The sol-gel was stirred for 1 h and filtered with a 0.45 μm filter 
before use.  Composite PFPE molds were used for patterning, where a thin film of a 
PFPE precursor solution comprised of 1.5 kg mol-1 PFPE α,Ω-functionalized 
dimethacrylate and the photoinitiator 2,2-diethoxyacetophenone was deposited over a line 
grating master template with a 180 nm pitch and 135 nm height using a thin film of PET 
sheet to distribute a small volume of the PFPE-DMA.  The PET sheet was peeled away 
from the master and the liquid precursor was partially crosslinked using UV 
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photoirradiation (λ = 365 nm) for 2 min.  A film of a PFPE precursor solution comprised 
of 4.0 kg mol-1 PFPE α,Ω-functionalized dimethacrylate and the photoinitiator 2,2-
diethoxyacetophenone was deposited on top of the thin film of 1.5 kg mol-1 PFPE.  The 
liquid precursor was then crosslinked using UV photoirradiation (λ = 365 nm) for 3 min 
under a constant nitrogen purge.  The fully cured composite PFPE elastomeric mold was 
then released from the master template. 
In order to pattern the grating, the liquid titania sol-gel precursor was drop-cast 
onto ITO and then the PFPE composite mold was pressed into the sol and held at constant 
pressure using a vice.  The sample was held at an elevated temperature (110 °C) in order 
to promote the sol-gel transition via solvent removal.  After sufficient time for solvent 
evaporation (3 hr), the mold was peeled off the substrate while the sample was still warm, 
leaving an embossed xerogel film.  Crystalline titanium oxide films were formed by 
annealing the xerogel films at 450°C for 30 min using a heating rate of 5°C/min.   
A PMMA film was then deposited over the patterned lines.  First, the TiO2 line 
grating was cleaned using a UV-ozone treatment for 15 min.  Then a 2.5 wt% solution of 
PMMA (MW 350,000 g/mol) in anisole was filtered with a 0.2 µm PTFE filter and spun 
cast at 1,000 rpm for 60 sec.  The film was heated to 160°C and allowed to cool to room 
temperature to promote conformal contact between the patterned lines and the PMMA 
film.  A plasma etch was used to further reduce the PMMA film thickness to the ideal 
value.  Another thermal treatment was used after the etch step. 
 Next, alternating layers of 20 nm thick Ag and 100 nm thick Al2O3 were 
deposited on the PMMA film with PLD under the conditions listed in Section 6.2.2.  A 
line grating with the same period as the object was deposited on top of the metallo-
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dielectric layers.  The same titania sol-gel as used previously was diluted to 50% solids 
using IPA.  A composite PFPE mold was fabricated using a line grating master template 
with a 180 nm pitch and 90 nm line height following previously described procedures.  A 
minimal amount of the diluted titania sol-gel (ca. 1 µl per 4 cm2 mold area) was used for 
patterning such that a scum layer less than 100 nm was generated.  A patterned xero-gel 
was obtained by heating the sample to 110°C for 3 hr, then removing the mold. 
 
6.2.4  Data Collection 
 All data collection was performed by our collaborators in the Lopez Laboratory.  
For the data collection from the metamaterial diffraction grating, evansescent waves were 
launched into the superlens with a high refractive index medium (n ~1.5) using total 
internal reflection with an incident angle past the critical angle.  The resulting intensity of 
the different orders was measured with a Si photodiode as the evanescent k-vector was 
increased, which was accomplished by rotating the light source further away from normal 
as it passed the critical angle. In future experiments using the FSL, evanescent waves will 
be generated by positioning the laser scatter through a diffraction grating.  The 
evanescent waves produced in the higher orders will be amplified by the superlens.  The 
Ag layers will attenuate the propagating waves so there is no overlap in the final image of 
the evanescent and propagating information.  A 100x microscope objective will magnify 
this image before combining it with the reflection of the same diffraction grating to form 
a complete image on a CCD camera. 
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6.3  Results and Discussion 
6.3.1  Metamaterial Diffraction Grating Device Fabrication and Data Collection 
 Before we attempted imaging with a FSL, a simple metamaterial diffraction 
grating device was designed so that amplification and conversion of evanescent waves 
into propagating ones could be demonstrated.6  In this device, the functional structure 
amplifies waves and allows for their collection with a far-field detector.  This is the first 
experimental verification in the visible for multilayer metamaterials of such processes 
necessary for far-field subwavelength imaging.  Our technique has the added benefits of 
rapid fabrication with minimal resources, quick data-acquisition time, and scalability over 
large areas.  The metamaterial structure was designed so that an adequate number of 
layers and thicknesses for amplification of the evanescent waves was utilized. 
 The FSL device was fabricated by first depositing five pairs of alternating layers 
of 20 nm Ag and 100 nm Al2O3 via PLD on a glass substrate.  Next, a PMMA diffraction 
grating was deposited on top of the layers using the PRINT process.  We utilized PMMA, 
a transparent thermoplastic polymer, with a MW of 350,000 g/mol and a Tg of 125°C.  
This polymer readily dissolves in anisole and continuous films with a controlled 
thickness can be obtained by using spincasting techniques.  A film was spuncast on top of 
the Ag/Al2O3 layers and a PPFE mold, made from a blazed diffraction grating with a 830 
nm periodicity and 196 nm height, was brought into contact with the PMMA film using a 
vice.  This sample was heated to ~50°C above the Tg in order to pattern the PMMA film.  
The sample was cooled to room temperature, allowing the pattern to set in the film, 
before removing the PFPE mold.  A SEM image of the PMMA diffraction grating on top 
of the Ag/ Al2O3 layers is found in Figure 6.4.   
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Figure 6.4  SEM image of the metallodielectric and grating structure.  There are 10 alternating layers of 20 
nm Ag films and 100 nm Al2O3 films on a glass substrate.  The PMMA blaze diffraction grating has 830 
nm periodicity and 196 nm height.   
 
 Optical experiments and data analysis were performed by our colleague, Emily 
Ray, a member of Professor Lopez’s group in the physics department at UNC.  For the 
optical experiment, incident evanescent waves were produced with total internal 
reflection by mounting the device on the back of a half-disk glass prism (n = 1.489) with 
index-matching oil (n = 1.510) at the eucentric point of a source and detector arm.  The 
laser source was rotated around the diffraction grating to create longer incident kx vectors.  
Silver optical constants force the evanescent waves to originate from the matching oil-
metal interface.  Light incident past the critical angle generates evanescent waves (kx>ko) 
that cannot propagate in free space.  Proper alignment to ensure in-plane scattering was 
achieved with rotational mounts in the x-z and x-y planes.  Transmitted light was 
collected with an amplified Si photodiode and connected to a data-collection system, 
where it was normalized to a reference beam.  Figure 6.5 shows a schematic of this setup. 
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Figure 6.5  (a) Schematic diagram of the setup to realize amplification and collection of evanescent waves 
with visible range optics.  The incident and collection arms can be rotated to vary the incident kx value and 
capture all three diffraction orders.  (b) Schematic of the metamaterial and grating where P is the polarizer, 
BS is the beam splitter, PD is the photodiode detector, M is the metamaterial, DO is the diffraction order, 
and IO is the index-matching oil. 
 
 Experimental transmission measurements along with the simulations of the -1 and 
0 diffraction orders through the device from the TM polarization are shown in Figure 6.6.  
The TM -1 diffraction order has a low intensity for propagating waves (kx ≤ ko) but a large 
transmission peak centered at kx = 1.2ko, indicating the amplification of evanescent waves 
and their conversion into free-space propagating waves.  The TM 0 order exhibits the 
transmission cutoff for kx > ko, as these evanescent photons do not exchange momentum 
with the grating.  This data indicates the promise of utilizing metamaterial diffraction 
grating type devices for the amplification and conversion of evanescent waves into 
propagating waves.  The next step is to fabricate a FSL that uses alternating dielectric 
layers directly in contact with an object to be imaged. 
 
 
 
 
 
Figure 6.6  Normalized transmission versus relative k vector for TM incident light.  The -1 diffraction order 
demonstrates conversion of evanescent wavelengths into propagating light.  The 0 order diffraction order 
shows no propagation for evanescent waves. 
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6.3.2  Fabrication of FSL and Imaging Object 
 A schematic of the final FSL device stack is shown in Figure 6.7.  In order to 
fabricate the FSL grating, a number of materials and architectural parameters must be 
fulfilled.  The lines must have a refractive index that differs significantly from the 
medium surrounding it.  Because a PMMA film is being used as the medium, the lines 
must be made of a high refractive index material.  Furthermore, pattern lines should have 
subwavelength line widths and spacings.  Our previous patterning experience was with 
metal oxides; therefore, we chose to pattern a titania sol-gel with a line grating master 
template.  The patterned xerogel must then be calcined to meet the refractive index 
guidelines.  As we have observed before, the calcination step significantly affects the 
pattern, especially the line heights.  A 180 nm pitch, 135 nm height line grating master 
template must be used so that the crystalline TiO2 lines will have a height of ca. 100 nm, 
shown in Figure 6.8.  In order to promote adhesion of the spuncast PMMA film to the 
TiO2 lines, the substrate was first UV-ozone cleaned.  Additionally, the PMMA film was 
thermally treated at 150°C to further smooth out the top surface and promote even 
coverage of the line patterns.  A SEM image of the PMMA covered TiO2 lines is shown 
in Figure 6.9.  In order to obtain the ideal film thickness of the PMMA layer, a plasma 
etch was used.  Another thermal heat treatment was then used to ensure that the top of the 
PMMA film was as smooth as possible for the metal dielectric deposition. 
 
 
 
 
Figure 6.7  Schematic diagram of the designed FSL sample structure. 
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Figure 6.8  SEM images of anatase TiO2 lines patterned from a diffraction grating master with a 180 nm 
periodicity and line heights of 135 nm. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.9  SEM image of PMMA coated TiO2 lines after a 150°C thermal treatment. 
 
 Alternating layers of Ag and Al2O3 were vacuum deposited on top of the PMMA 
film to create a metal-dielectric layer.  This layer produces surface plasmons that couple 
to the evanescent waves generated by the TiO2 lines.  Following the vacuum deposition, 
another diffraction grating, which serves as the object to be imaged, was patterned on top 
of the dielectric film.  This grating had the same 180 nm periodicity as the previously 
deposited grating, but was replicated in amorphous titania instead of crystalline TiO2.  It 
is extremely important that this top diffraction grating have a flash layer of less than 100 
nm so that the evanescent wave signals are not annihilated.  In order to achieve this result, 
the titania sol-gel was diluted by 50% (by volume) using isopropyl alcohol and a minimal 
amount of the sol-gel solution was used when patterning.  A diffraction grating patterned 
following these procedures on an ITO substrate is shown in Figure 6.10.     
200 nm
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Figure 6.10  SEM images of amorphous titania patterned with a diffraction grating master with a 180 nm 
periodicity and a 90 nm line height. 
 
6.4  Conclusions 
 We have demonstrated the fabrication of a simple metamaterial-diffraction 
grating device using the PRINT process to replicate a diffraction grating on top of a 
dielectric film.  The device both amplifies and converts evanescent waves into 
propagating ones.  This is the most accessible demonstration reported to date, since it 
requires few thin film layers, operates in the visible, and can be probed with traditional 
optics.  A superlens that is capable of imaging a subwavelength diffraction grating has 
also been demonstrated using the PRINT  technique.  The FSL grating was patterned 
from a titania sol-gel and a line grating master template on an ITO substrate.  The 
crystalline TiO2 lines were subsequently coated with a thin, flat film of PMMA and the 
metamaterial was pulse laser deposited on top of the polymer film.  Finally, an object to 
the imaged, which consisted of another diffraction grating, was replicated on top of all 
these layers in amorphous titania.  This methodology represents a pathway towards 
fabrication that does not rely on E-beam or FIB patterning processes and is thus suitable 
for scale up to large area arrays.  Future experiments are planned to obtain images from 
this FSL and object. 
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7.1  Device Architecture for QD Solar Cells 
 The preliminary PV data reported in Chapter 4 of this thesis for patterned CdSe 
QD solar cells was somewhat discouraging.  However, the main focus of this work was 
on the QD synthesis and the development of a patterning methodology for the QDs.  In 
order to achieve significantly improved performance from these solar cells, the device 
structure itself must be revisited.  Generally, PV devices fabricated using the PRINT 
process are considered to have an inverted configuration compared to conventional type 
devices.  In the conventional structure, holes are extracted through an ITO electrode with 
a PEDOT:PSS layer that forms an ohmic contact with donor type polymers and electrons 
are extracted through a low-work-function metal electrode such as Al, shown in Figure 
7.1 (a).1  However, ITO is actually capable of collecting either holes or electrons, and the 
polarity of the ITO electrode can be controlled by surface modifications.  It is possible to 
lower the work-function of the ITO surface so that it serves as the cathode while the 
anode is now a high-work-function metal, thus creating an inverted type solar cell, as 
shown in Figure 7.1 (b).1   
 
 
 
 
 
 
Figure 7.1  Schematic diagram of (a) conventional and (b) inverted type organic-based solar cell. 
 
 Based on fabrication principles associated with the PRINT process, we initially 
focused our efforts on making inverted type solar cells using the TCO electrode as the 
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patterning substrate.  The patterned TiO2 solar cells in Chapter 3 had this configuration 
and after exciton dissociation occurred, electrons were funneled through the anatase TiO2 
to the FTO electrode.  Note it was important that we utilized FTO instead of ITO as the 
TCO electrode because indium is known to diffuse into TiO2, thus diminishing the 
desirable electronic properties of the material.2  The thin film of TiO2 that was spuncast 
on top of the FTO served the purpose of the functional interfacial layer that blocked holes 
from accessing the FTO electrode.2  For the patterned QD solar cells, it is necessary to 
use an effective hole-blocking layer that will functionalize the ITO surface such that it 
acts as the cathode.   
 A variety of materials can be employed to modify the ITO surface, including 
alkali-metal compounds and metal oxides.  Cs2CO3 is an interfacial layer that has 
previously been used in OLEDs.1,3  Recently, this material has been used to modify the 
surface of ITO with positive results.  It is important to reduce the series resistance in 
OPVs, and by annealing the spuncast Cs2CO3 thin film, device efficiencies as high as 
4.2% have been achieved.  The easy processability of Cs2CO3 makes it an attractive 
candidate for a buffer layer between ITO and the active layer of an OPV.3  Metal oxides 
have also proven effective as a surface modifiers for ITO.1  ZnO, both from a sol-gel 
route and as nanoparticles, can be used as a cathode buffer layer.4  One challenge when 
using ZnO is degradation in air that leads to stability problems resulting from the 
desorption of oxygen from ZnO.  However, PEDOT:PSS has the ability to block oxygen; 
so by using it as the top buffer layer the stability of ZnO can be improved.5  TiOx is 
another solution-processable metal oxide that serves as a cathode buffer layer.6  
Additionally, inserting a thin layer of polyoxyethylene tridecyl ether (PTE) between TiOx 
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and ITO improves the contact between the two layers.7  As a result, the series resistance 
is decreased and the overall PCE is increased.  These three materials, Cs2CO3, ZnO, and 
TiOx should all be investigated as interfacial modifiers of ITO for patterned CdSe solar 
cells.   
 Anodic buffer layers must also be employed in the inverted solar cell 
configuration.  PEDOT:PSS is a natural choice for this layer because of its extensive use 
in conventional type solar cells.1  In addition to its hole conducting properties, 
PEDOT:PSS will block oxygen, which can degrade various components of the solar cell.  
Spin casting PEDOT:PSS on top of a hydrophobic conjugated polymer film requires pre-
heating and dilution with isopropanol.  Additionally, transition metal oxides such as V2O5 
and MoO3, both of which are transparent and highly conductive can serve as anodic 
buffer layers.1  These three materials should also be investigated for use in patterned 
CdSe solar cells in conjunction with the respective cathodic buffer layers. 
ba
 
Figure 7.2  Schematic diagram of (a) conventional type solar cell and (b) inverted type solar cell with 
respect to the direction of light incidence.8 
 
 In the inverted solar cell configuration described above, the light incidence is still 
in the direction of the ITO electrode.  Another approach towards device fabrication, 
which would eliminate the need for ITO, employs a semi-transparent metal electrode 
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such that the light incidence is now in the direction of the metal electrode, shown in 
Figure 7.2 (a) and (b).8  The cathode consists of an aluminum layer on glass, with a thin 
film of titanium on top of the aluminum, and is considered the back electrode.  This 
would be the patterning substrate in a solar cell fabricated using the PRINT process.  The 
anodic buffer layer in this type of solar cell is PEDOT:PSS with a gold metal grid as the 
support for current transport.  This device configuration is attractive because the light 
incidence would first penetrate the conjugated polymer film instead of the CdSe film, as 
in the previous devices.   
 
7.2  Alternative QD Materials 
 Our investigation has focused on CdSe QDs; however, literature precedence 
exists for a variety of other types of QDs including CdTe,9 PbS, PbSe, and InSb.10  CdTe 
QDs are an attractive replacement for CdSe based on its absorption profile.  The sun 
emits radiation from 300 – 2100 nm; however, CdSe typically absorbs only visible light.  
The bulk absorption edge of CdTe is at 820 nm, where a significant amount of the sun’s 
radiation also lies.9  Theoretically, this absorption profile should lead to an observed 
increase in PCE by at least 20%.  Solar cells fabricated from CdTe nanorods and MEH-
PPV exhibited PCEs of only 0.05%, but this low device performance has been attributed 
to inefficient formation of a percolation network of QDs in the polymer film.  The PRINT 
process offers an attractive method for controlling the morphology of the CdTe film such 
that a percolation network could be more easily formed.  PbS and PbSe absorb most of 
the NIR radiation of the sun and could potentially be used to increase the amount of the 
solar spectrum that is utilized in a hybrid solar cell.9  However, because of the lowering 
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of the LUMO of these materials with respect to the conjugated polymer, the VOC of these 
devices is quite low.  It would be interesting to incorporate these QDs into another 
material, such at CdSe or CdTe, to improve the photocurrent generation up to the NIR 
region.  Passivated InSb quantum wires (QWs) with a 2 nm diameter have a calculated 
band gap of 1.50 eV and a HOMO level of -4.86 eV, which is 0.43 eV lower than the 
HOMO of P3HT.10  These calculations indicate that InSb QWs are electronically 
matched to P3HT, as shown in Figure 7.3, and should be further investigated for use in 
hybrid solar cells.  All of these materials could potentially be synthesized and patterned 
following the methodology established in this work and the resulting photovoltaic 
properties investigated. 
 
 
 
 
 
 
 
Figure 7.3  Schematic illustration of the requirement for an ideal inorganic nanomaterial to be used in 
hybrid solar cells.  A band gap of 1.5 eV (for harvesting and a HOMO level that is 0.3 eV lower than the 
donor (facilitates hole transfer) is desirable.10 
 
7.3  All-Inorganic Nanocrystal Solar Cells 
 In 2005, Alivisatos proposed an all-inorganic solar cell that used CdSe and CdTe 
as the donor-acceptor pair in a heterojunction solar cell.11  By using colloidal 
nanocrystals, the limitations of low mobilities and air sensitivity of organic materials are 
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avoided.  In this bilayer device, CdSe acts as the electron acceptor and CdTe behaves as 
the hole transporter.  There is no built-in electric field in these devices; therefore, carrier 
extraction is caused by directed diffusion dictated by the heterojunction.  The device is 
fabricated using ITO as the anode with the active layer consisting of a thin film of CdTe 
and a separate film of CdSe with Al as the cathode.  In these devices, shown in Figure 7.4, 
it is extremely important to thermally remove the passivating surface ligands to promote 
charge transport.11   
 In this all-inorganic type of solar cell, device performance is limited by 
recombination of electrons and holes that are freely occupying the donor and acceptor 
materials.9  The PRINT technique could be used to pattern one of the nanocrystals, for 
example CdTe, then the other material, CdSe, could be deposited as a continuous film 
over this pattern using either spincasting or Mayer rod techniques.  The ordered afforded 
to the heterojunction film through the PRINT process could minimize charge 
recombination and increase overall device efficiencies. 
 
 
 
 
 
 
 
 
 
 
Figure 7.4  TEM of (A) CdSe and (B) CdTe NCs used in the all-inorganic solar cells.  Scale bar is 40 nm.  
(C) An energy diagram of valence and conduction band levels for CdTe and CdSe illustrates the 
heterojunction charge-transfer junction formed between the two materials.  (D)  A typical spun-cast film of 
colloidal NCs imaged by SEM.  Scale bar is 1 µm.11 
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